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INTRODUCTION 
Germline mutations in PTEN, encoding a dual specificity phosphatase tumor suppressor 
on 10q23.3, are associated with 80% of Cowden syndrome (CS) cases ascertained by the 
criteria of the International Cowden Consortium (1,2). CS is an autosomal dominant 
disorder characterized by multiple hamartomas and a high risk of breast and thyroid 
cancers. Further, approximately 60% of Bannayan-Riley-Ruvalcaba syndrome cases 
(BRR) have germline PTEN mutations as well, thus making CS and BRR allelic (3). 
Initially felt to be unrelated, BRR is characterized by macrocephaly, lipomatosis, and 
speckled penis, and until the Pi's analyses, was felt not to be associated with cancer. 
Subsequently, a non-BRR, non-CS, Proteus-like individual was found to have a germline 
and a germline mosaic PTEN mutation (4). The PI had proposed to determine whether 
and at what frequency occult germline PTEN mutations occur in non-CS/BRR families. 
Towards these ends, the specific aims were: 

1. To determine the frequency and nature of germline PTEN mutations in non-CS/BRR 
site-specific breast cancer families; and 

2. To determine the frequency and nature of germline PTEN mutations in non-CS/BRR 
breast-thyroid and/or endometrial carcinoma families/individuals, so called CS-like 
cases. 

BODY 
Task 1: Mutation Analysis in Non-CS Breast Cancer Families 
Up through Year 1,15 BRCA1/2 negative site specific familial breast cancer cases were 
ascertained. In Year 2, another 6 were accrued, and amongst all 21 were PTEN mutation 
negative and where informative, were not linked to lOq. In view of these findings and 
two recent published reports (5, 6), we know that site specific breast cancer families are 
not accounted for by PTEN mutation. Because of this overwhelming data, the PI will 
truncate accrual of this sub-project. Instead, in view of the interesting data obtained from 
Task 2 (below), the PI will focus the major efforts of Year 3 on Task 2, and tie Task 1 to 
Task 2 by accrual of non-CS families segregating breast and endometrial cancers or 
single individuals with both breast and endometrial cancers but who do not meet the 
diagnostic criteria of CS. 

Following up on plans noted in the Pi's first Annual Report, the PI has examined a series 
of well characterized sporadic breast carcinomas to correlate PTEN somatic mutation and 
PTEN expression by immunohistochemistry using a specific monoclonal antibody 6H2.1 
(7).   These observations are detailed in a reprint enclosed in the Appendix (7). In brief, 
the PI has found that somatic intragenic PTEN mutations rarely occur in primary breast 
carcinomas. Instead, hemizygous deletion as well as epigenetic silencing are the 
mechanisms of inactivation of PTEN in breast carcinogenesis and they pertain in 
approximately 15-40% of all primary sporadic adenocarcinomas of the breast. These 
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observations will be followed up by determining the precise mechanism of epigenetic 
silencing in Year 3 and thereafter. 

Task 2: Mutation Analysis in Non-CS Breast-Thyroid and/or Endometrial 
Carcinoma Families/Individuals ("CS-Like Families") 
In Year 1 of this grant, the PI reported on a study to examine germline PTEN mutations 
in families and individuals ascertained by the minimal presence of breast cancer and any 
anatomical thyroid disorder in a single individual or in a minimum of two first-degree 
relatives in a family but who did not meet the Consortium criteria for the diagnosis of CS 
(8). Of 64 CS-like cases ascertained, one was found to have a germline PTEN mutation. 
This family had bilateral breast cancer, follicular thyroid carcinoma and endometrial 
adenocarcinoma. There were only 4 other families with endometrial cancer. In the past 
year (Year 2 of the grant), the PI has continued to accrue CS-like families with 
endometrial carcinoma, usually breast and endometrium occurring in a minimum of two 
related individuals or in a single individual, as well as CS-like families with breast 
cancer, any structural thyroid disorder and endometrial carcinoma in a minimum of two 
related individuals or in a single individual. To date, 7 more unrelated probands have 
been accrued, 6 have been mutation analyzed and 2 have been found to carry germline 
PTEN mutations. 

Because of these studies examining CS-like families (8), especially those containing 
endometrial carcinomas, the Pi's data suggests that the presence of endometrial cancer 
may increase the likelihood of finding germline PTEN mutation, even in CS-like families. 
In another recent study, a nested cohort comprising 103 eligible women with multiple 
primary cancers within the 32 826-member Nurses' Health Study were examined for the 
occult presence of germline PTEN mutations (9). Among 103 cases, 5 (5%) were found 
to have germline missense mutations, all of which have been shown to cause some loss- 
of-function. Of these 5,2 cases themselves had endometrial cancer. This study, 
therefore, suggests that occult germline mutations of PTEN and by extrapolation, CS, 
occur with a higher frequency than previously believed. Further, these data confirm the 
Pi's previous observations (8) that endometrial carcinoma might be an important 
component cancer of CS, and indeed, its presence in a case or family that is reminiscent 
of CS but does not meet Consortium criteria might actually help increase the prior 
probablity of finding PTEN mutation. Taken together, these molecular-based 
observations, together with previous clinical epidemiologic studies, (10) were felt 
sufficient to revise the Consortium criteria for the diagnosis of CS to include endometrial 
carcinoma (Table 1) (11). The inclusion of endometrial carcinoma to the Consortium 
operational diagnostic criteria will most likely be adopted by the National 
Comprehensive Cancer Center Genetics/High Risk Panel at its next revision. 

Table 1. International Cowden Consortium operational criteria for the diagnosis of CS, 
Ver. 2000 
Pathognomonic Criteria 
Mucocutanous lesions: 

Trichilemmomas, facial 
Acral keratoses 
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Papillomatous papules 
Mucosal lesions 

Major Criteria 
Breast carcinoma 
Thyroid carcinoma (non-medullary), esp. follicular thyroid carcinoma 
Macrocephaly (Megalencephaly) (say, >95%ile) 
Lhermitte-Duclos disease (LDD) 
Endometrial carcinoma 
Minor Criteria 
Other thyroid lesions (e.g adenoma or multinodular goiter) 
Mental retardation (say, IQ <75) 
GI hamartomas 
Fibrocystic disease of the breast 
Lipomas 
Fibromas 
GU tumors (eg, renal cell carcinoma, uterine fibroids) or malformation 

Operational Diagnosis in an Individual: 
1. Mucocutanous lesions alone if: 
a) there are 6 or more facial papules, of which 3 or more must be trichilemmoma, or 
b) cutaneous facial papules and oral mucosal papillomatosis, or 
c) oral mucosal papillomatosis and acral keratoses, or 
d) palmo plantar keratoses, 6 or more 
2. 2 Major criteria but one must include macrocephaly or LDD 
3. 1 Major and 3 minor criteria 
4. 4 minor criteria 

Operational Diagnosis in a Family where One Individual is Diagnostic for Cowden 
1. The pathognomonic criterion/ia 
2. Any one major criterion with or without minor criteria 
3. Two minor criteria 

* Operational diagnostic criteria are reviewed and revised on a continuous basis as new 
clinical and genetic information becomes available. 

Because endometrial carcinoma occurrence per se in classic CS individuals and families 
are not as frequent as breast or thyroid carcinomas and yet appears to be a very important 
determinant of PTEN germline status, the PI then sought to examine the normal cycling 
endometrium and sporadic endometrial cancers and precancers as they relate to PTEN 
mutation and expression. As further detailed in an accompanying reprint in the Appendix 
(12), the PI and collaborator found that under estrogenic predominance, the proliferative 
endometrium shows ubiquitous nuclear and cytoplasmic PTEN expression by 
irnmunohistochemistry with a specific monoclonal antibody 6H2.1 (7). After 3-4 days of 
progestational exposure (primed with estrogen), the glandular epithelium maintains 
cytoplasmic PTEN expression, with waning nuclear expression (12). These observations 
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suggest that PTEN expression might be modulated by sex steroid hormones that may 
have implications for neoplasia not only of the endometrium but also of the breast. 

When the PI and collaborator investigated neoplastic endometria in relationship to PTEN 
mutation and expression, they found both mutation and loss of expression occurred even 
in the earliest endometrial precancers (13). These observations are detailed in an 
accompanying reprint (13) found in the Appendix. The data suggest that loss of PTEN 
expression can precede intragenic PTEN mutation even in the endometrial precancer 
stage and that either PTEN mutation or epigenetic PTEN silencing together play a role in 
>90% of sporadic endometrial carcinomas. 

KEY RESEARCH ACCOMPLISHMENTS 
• That endometrial carcinoma occurring in a CS-like individual or family might 

increase the prior probability of finding a germline PTEN mutation. 

• Because of the Pi's observations, the Operational Diagnostic Criteria of the 
International Cowden Consortium has been revised to include endometrial carcinoma 
as a major component criterion. 

• The revised Consortium criteria will likely be adopted into the next revision of the 
National Comprehensive Cancer Network Genetics/High Risk Panel 
recommendations. 

• That PTEN plays a major role in sporadic endometrial precancer and cancer. 

• That PTEN plays an important role in sporadic breast carcinogenesis, accounting for 
perhaps 15-40% of all such cancers. 

REPORTABLE OUTCOMES 
Manuscripts, Abstracts and Presentations 
Perren A, Weng LP, Boag AH, Ziebold U, Kum JB, Dahia PLM, Komminoth P, Lees JA, 
Mulligan LM, Mutter GL, Eng C. Immunocytochemical evidence of loss of PTEN 
expression in primary ductal adenocarcinomas of the breast. Am J Pathol 1999; 
155:1253-60. 

Eng C. Commentary. Will the real Cowden syndrome please stand up: new diagnostic 
criteria. J Med Genet (in press) 

Mutter GL, Lin M-C, FitzGerald JT, Kum JB, Eng C. Changes in endometrial PTEN 
expression throughout the human menstrual cycle. J Clin Endocrinol Metab 2000; 
85:2334-8. 
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Mutter GL, Lin M-C, FitzGerald JT, Kum JB, Baak JPA, Lees JA, Weng LP, Eng C. 
Altered PTEN expression as a molecular diagnostic marker for the earliest endometrial 
precancers. J Natl Cancer Inst 2000; 92:924-31. 

Informatics, Databases, Etc 
Continued expansion of clinical cancer genetics CS/BRR/CS-like clinical-genotype 
database. 

Funding Applied For Partially Based on Work Funded by This Award 
National Institutes of Health R01 (Oct. 1,2000 deadline) entitled, "Individual and Age- 
Dependent Risk of Cancer in PTEN Syndromes" 

American Cancer Society Research Scholar Grant (Oct. 15,2000 deadline) entitled, 
"Genetics of PTEN in Cowden and Related Syndromes and Familial Breast Cancer" 

CONCLUSIONS 
To date, because of work related to Task 1, we know that non-syndromic, site-specific 
familial breast cancer that is not associated with BRCA1 and BRCA2 is not associated 
with germline PTEN mutations. Our findings have been corroborated by two other 
groups (5, 6). This is an instructive negative finding in light of the fact that the PI had 
also found (unrelated to this DAMD award) that approximately 5% of unselected, 
apparently isolated breast cancer presentations before the age of 40 carry occult germline 
PTEN mutations (14). Further, the PI has uncovered epigenetic phenomena related to 
PTEN silencing in a proportion of sporadic breast adenocarcinomas. 

Work related to Task 2 has yielded interesting data, which have important implications 
for the practice of clinical cancer genetics. Individuals or families who have some but 
not all features of CS, ascertained in a specific way (noted above), have a minimum 5% 
probability of carrying germline PTEN mutations. The probability of having a mutation 
might be increased with the presence of endometrial carcinoma either in the proband or a 
relative. These findings have led to a revision of the diagnostic criteria of the 
International Cowden Consortium as well as the National Comprehensive Cancer 
Network. Because of the finding that endometrial carcinoma might be a key feature 
indicating CS, the PI explored sporadic endometrial carcinoma and has shown that PTEN 
plays a major role in sporadic endometrial carcinogenesis as well. 
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Immunohistochemical Evidence of Loss of PTEN 
Expression in Primary Ductal Adenocarcinomas of 
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Germline mutations in PTEN, encoding a dual-speci- 
ficity phosphatase on 10q23.3, cause Cowden syn- 
drome (CS), which is characterized by a high risk of 
breast and thyroid cancers. Loss of heterozygosity of 
10q22-24 markers and somatic PTEN mutations have 
been found to a greater or lesser extent in a variety of 
sporadic component and noncomponent cancers of 
CS. Among several series of sporadic breast carcino- 
mas, the frequency of loss of flanking markers 
around PTEN is approximately 30 to 40%, and the 
somatic intragenic PTEN mutation frequency is < 5%. 
In this study, we analyzed PTEN expression in 33 
sporadic primary breast carcinoma samples using im- 
munohistochemistry and correlated this to structural 
studies at the molecular level. Normal mammary tis- 
sue had a distinctive pattern of expression: myoepi- 
thelial cells uniformly showed strong PTEN expres- 
sion. The PTEN protein level in mammary epithelial 
cells was variable. Ductal hyperplasia with and with- 
out atypia exhibited higher PTEN protein levels than 
normal mammary epithelial cells. Among the 33 car- 
cinoma samples, 5 (15%) were immunohistochemi- 
cally PTEN-negative; 6 (18%) had reduced staining, 
and the rest were PTEN-positive. In the PTEN-positive 
tumors as well as in normal epithelium, the protein 
was localized in the cytoplasm and in the nucleus (or 

nuclear membrane). Among the immunostain nega- 
tive group, all had hemizygous PTEN deletion but no 
structural alteration of the remaining allele. Thus, in 
these cases, an epigenetic phenomenon such as hy- 
permethylation, decreased protein synthesis or in- 
creased protein degradation may be involved. In the 
cases with reduced staining, 5 of 6 had hemizygous 
PTEN deletion and 1 did not have any structural ab- 
normality. Finally, clinicopathological features were 
analyzed against PTEN protein expression. Three of 
the 5 PTEN immunostain-negative carcinomas were 
also both estrogen and progesterone receptor-nega- 
tive, whereas only 5 of 22 of the PTEN-positive group 
were double receptor-negative. The significance of 
this last observation requires further study. (Am J 
Pathol 1999, 155:1253-1260) 

The tumor suppressor gene PTEN, encoding a dual- 
specificity phosphatase, has been cloned and mapped 
to chromosome 10q23.3.1"3 Germline PTEN mutations 
are found in the autosomal dominant Cowden syndrome 
(CS), which is characterized by multiple hamartomas in- 
volving many organ systems as well as an increased risk 
of developing breast and thyroid cancers.4,5 Loss of het- 
erozygosity (LOH) of markers at 10q23-25 is a frequent 
event (30-50%) in endometrial cancer,6"9 glioblas- 
toma,10 and breast cancer.11-13 Somatic intragenic mu- 
tations of PTEN are a frequent event in endometrial car- 
cinomas,6-9 malignant gliomas,14-17 and melanomas.18 

However, unlike endometrial carcinoma and glioblas- 
toma, only a very small fraction (<5%) of the 40% of 
primary breast cancers showing allelic loss in this region 
also have mutations in the remaining allele,11-13,19 de- 

Supported in part by grants from the American Cancer Society (RPG-97- 
064-01-VM and RPG98-211-01-CCE), the Department of Defense Breast 
Cancer Research Program (DAMD17-98-1-8058), the Concert for the 
Cure (to C E.), the National Cancer Institute (P30CA16058, Comprehen- 
sive Cancer Center), and the Canadian Breast Cancer Research Initiative 
(to L. M. M.). P. L. M. D. is a Postdoctoral Fellow of the Susan G. Komen 
Breast Cancer Research Foundation (to C. E.) and A. P. is a Fellow of the 
Lydia Hochstrasser-Stiftung, Zürich, Switzerland (to P. K.). 

Accepted for publication June 15, 1999. 

Address reprint requests to Charis Eng, Human Cancer Genetics Pro- 
gram, Ohio State University Comprehensive Cancer Center, 690C Medi- 
cal Research Facility, 420 W. 12th Avenue, Columbus, Ohio 43210. E- 

mail: eng-1@medctr.osu.edu. 

1253 



1254     Perrenetal 
AJP October 1999, Vol. 155, No. 4 

spite the fact that females with CS have a <50% lifetime 
risk of developing breast cancer.5,20'21 In contrast to 
these analyses based on primary breast carcinomas, 
initial studies using breast cancer cell lines seemed to 
show that a large proportion have biallelic loss of 
P7EA/.1,3 Investigators, therefore, questioned whether 
loss of one PTEN allele (haploinsufficiency) is sufficient 
for tumorigenesis or whether inactivation of the second 
allele might occur through epigenetic rather than muta- 
tional events. 

We report a study of PTEN expression using immuno- 
histochemical methods in a series of 33 primary human 
breast tumors. This is a powerful method because it 
provides an internal control comparing the staining of 
tumor tissue to that of the adjacent normal breast tissue. 
We also began to explore the association of PTEN ex- 
pression with genomic PTEN status and clinicopatholog- 
ical features. 

Materials and Methods 

Breast Carcinoma Samples 

Paraffin blocks of 33 unselected sporadic primary ductal 
breast carcinomas were drawn from the files of the King- 
ston General Hospital (Kingston, ON, Canada). LOH 
analysis with seven microsatellite markers known to map 
to the 10q23 interval and flanking PTEN as well as PTEN 
mutation analysis have been performed previously.13 Of 
the 33 women diagnosed with primary mammary adeno- 
carcinomas, 4 were diagnosed before the age of 50. The 
tumors ranged in size from 1 to 6 cm. There were 2 well 
differentiated, 13 moderately differentiated, and 18 
poorly differentiated tumors. Seven of the 13 women had 
regional lymph node involvement at presentation. 

Immunohistochemistry 

The monoclonal antibody 6H2.1 raised against the last 
100 C-terminal amino acids of PTEN (Ziebold and Lees, 
unpublished) was used in all immunohistochemical 
analyses. 

The tissue samples were fixed by immersion in 10% 
buffered formalin and embedded in paraffin according to 
standard procedures.22 Four-millimeter sections were cut 
and mounted on Superfrost Plus slides (Fisher Scientific, 
Pittsburgh, PA). Immunostaining was performed essen- 
tially as described.22"24 In summary, the sections were 
deparaffinized and hydrated by passing through xylene 
and a graded series of ethanol. Antigen retrieval was 
performed for 20 minutes at 98°C in 0.01 mol/L sodium 
citrate buffer, pH 6.4, in a microwave oven. Incubating 
the sections in 0.3% hydrogen peroxide for 30 minutes 
blocked endogenous peroxidase activity. After blocking 
for 30 minutes in 0.75% normal horse serum the sections 
were incubated with 6H2.1 (dilution 1:100) for 1 hour at 
room temperature. The sections were washed in Tris- 
buffered saline and then incubated with biotinylated 
horse anti-mouse IgG followed by avidin peroxidase us- 
ing the Vectastain ABC elite kit (Vector Laboratories, 

Burlingame, CA). The chromogenic reaction was carried 
out with 3-3' diaminobenzidine using nickel cobalt am- 
plification,25 which gives a black product. After counter- 
staining with Nuclear Fast Red (Rowley Biochemical, 
Danvers, MA) and mounting, the slides were evaluated 
under a light microscope. According to the amount of 
staining, the tumors were divided in three groups: the 
group assigned ++ showed increased or equal staining 
intensity compared to the corresponding normal tissue; 
the group assigned + had decreased staining intensity; 
and the group assigned - had no trace of staining. 

A series of commercially available cell lines with known 
PTEN status was used as positive and negative controls 
to prove antibody specificity by immunohistochemistry: 
Balb C/3T3, Nalm6, DU145, MDA-MB-468, A172, and 
PC3 (see Results). In addition, the U20S osteosarcoma 
cell line was transfected with full length PTEN cDNA 
expression construct as a further positive control. 

Incubating the sections in the absence of antibody as 
well as preincubation during 2 hours at 37°C of the anti- 
body with recombinant PTEN protein led to negative re- 
sults (data not shown). 

Western Blot Analysis 

As biochemical proof of antibody specificity for PTEN, 
total protein lysates were obtained26 (Dahia, 1999 #955) 
from a series of commercially available cell lines (Amer- 
ican Type Culture Collection, Manassas, VA), for which 
PTEN status is known: MCF-7, T47D, MDA-MB-435S, 
ZR-75-1, BT-549, and MDA-MB-468 (see Results). In ad- 
dition, as an additional positive control, the wild-type full 
length human PTEN cDNA sequence was cloned into the 
mammalian expression vector pUHD10-3, which con- 
tains a tetracycline-suppressible promoter (Gossen, 
1992 #1065), and stably transfected into the MCF7/T-off 
(Clontech, Palo Alto, CA) breast cancer cell line. After 24 
hours of tetracycline withdrawal for purposes of PTEN 
induction, protein lysates were collected for Western blot 
analysis as well. Western blot analysis was performed as 
previously described,26 except that 6H2.1 was used at a 
1:250 dilution. Control antibody was against a-tubulin 
and used at 1:1000 dilution. 

LOH Analysis 

All breast carcinoma samples have been previously eval- 
uated for LOH with markers closely flanking, but not 
within, PTEN.'13 In the event that our immunohistochemi- 
cal results seemed to be discordant with the molecular 
analyses, further LOH analysis was performed using 
markers within PTEN itself as previously described.26,H7 

Potential hemizygosity at the PTEN locus was assessed 
by screening for a T/G polymorphism within PTEN intron 
8 detected by differential digestion with the restriction 
endonuclease /-//hell as previously described27 and 
the intragenic markers D10S2491, AFM086wg9, and 
D10S2492. 

\ 
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Figure 1. Western blot of 7 breast cancer cell lines using the anti-PTEN monoclonal antibody 6H2.1 (left panel) and using the anti-a-tubulin antibody as a control 
(right panel). MCF-7, T-47D, and MDA-MB-435S have endogenous PTEN. BT-549 and MDA-MB-468 are PTEN-null. ZR-75-1 has monoallelic PTEN deletion and 
a missense mutation on the remaining allele. MCF-7/PTEN is the MCF-7 line transfected with a wild-type PTEN construct and a tetracycline-inducible promoter 
after withdrawal of tetracycline and, hence, induced expression of PTEN. 

Results 

Specificity of Monoclonal Antibody 6H2.1 

Because this study relied on a monoclonal antibody, 
6H2.1, specific recognition of PTEN by this antibody is 
crucial. Western blot analysis using a series of breast 
cancer lines with known PTEN status and the 6H2.1 anti- 
PTEN monoclonal antibody demonstrated the specificity 
of this antibody (Figure 1). Western analysis of three 
PTEN+/+ lines, MCF-7, T-47D, and MDA-MB-435S, re- 
vealed a single band at the molecular weight predicted 
for PTEN. After induction of MCF-7/PTEN, increased ex- 
pression of PTEN was evidenced by an increased band 
intensity (Figure 1). In contrast, ZR-75-1, with a hemizy- 
gous deletion of PTEN and a missense mutation in the 
remaining allele, yielded a weak band of the expected 
size. BT-549 and MDA-MB-468, which are null for PTEN, 
had no signal. No nonspecific bands were noted. Control 
blot with anti-a-tubulin antibody revealed signals for all 
lines. 

To test the suitability of the antibody for immunohisto- 
chemistry, we used PTEN-transfected U20S cells as well 
as a series of cell lines expressing PTEN (Balb C/3T3, 
Nalm6, DU 145) as positive controls. MDA-MB-468, a breast 
cancer cell line with a hemizygous deletion of PTEN and a 
truncating mutation of the remaining allele, A172, a glioblas- 
toma cell line with loss of one PTEN allele and a truncating 
mutation in exon 2 of the remaining allele and PC3, a 
prostate cell line with homozygous deletion of PTEN, 
were used as negative controls (data not shown). 

PTEN Immunohistochemistry in Primary 
Breast Carcinomas 

Samples from 33 sporadic primary breast carcinomas, 
which had been examined previously for LOH of markers 
flanking PTEN as well as somatic PTEN mutations,13 were 
subjected to immunohistochemical analysis using a 
monoclonal antibody, 6H2.1, raised against the terminal 
100amino acids of human PTEN. Of the 33 total cancers, 
29 had accompanying normal tissue; in each of the 29 
samples, the normal glandular epithelium showed immu- 
noreactivity to 6H2.1. Interestingly, there was a distinctive 
staining pattern in the normal tissue. The myoepithelial 
cells of the normal ducts showed the strongest signal with 
a nuclear predominance (Figure 2B). In contrast, the 
amount of staining in the epithelial cell layer was variable. 
Areas of epithelial ductal hyperplasia with and without 
atypia stained more strongly than the normal epithelia 
(Figure 2A). Endothelial cells, especially within neovas- 
cular capillaries, and nerves showed strong PTEN ex- 
pression and were useful as internal positive controls. 

Of 33 breast carcinoma samples, 5 (15%) lost all PTEN 
immunoreactivity and showed negative immunostaining, 
graded - (Table 1 and Figure 2, E and F). In each of 
these 5 cases, adjacent non-neoplastic glands (Figure 
2F) as well as enclosed non-neoplastic ducts (Figure 2 E) 
stained positively. Interestingly, the cells within the des- 
moplastic reaction surrounding each of these 5 carcino- 
mas had high PTEN expression. Six of the 33 (18%) 
breast cancer specimens stained weakly, graded +, in 
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Figure 2. A: Ductal hyperplasia (case 58) with increased staining in the epithelial layer (original magnification. X60). B: Normal breast glands (case 46) with 
predominantly nuclear staining in the myoepithelial layer (original magnification, X60). C (case 48) and D (case 43): Ductal carcinoma with strong PTKN staining 
( + + , original magnification, X30). E: Ductal PTF.N-negative carcinoma (arrowhead, case 58) and surrounding normal duct (arrow). Original magnification. X.30. 
F: Ductal PTEN-negative carcinoma (arrowhead, case 46) with non-neoplastic normal duct (arrow). Original magnification. X.30. 

comparison to the normal tissue (Table 1 and Figure 3). 
One of these tumors (Sample 40, Table 1) showed pos- 
itive immunostaining in the intraductal component, 
whereas the adjacent invasive component lost almost all 
PTEN protein expression (Figure 3A). The remaining 22 
(66%) tumors stained positively, graded ++ (increased 
staining compared to normal glands). All these tumors 
showed homogeneous PTEN immunoreactivity through- 
out the examined section. PTEN immunoreactivity in 
these 22 tumors as well as their corresponding normal 
and hyperplastic breast tissue involved the cytoplasmic 
and nuclear (most likely nuclear membrane) compart- 
ment of the cells. 

Table 1.    Correlation between PTEN Immunostaining and 
PTEN and/or 10q22-23 LOH 

PTEN 
Immuno 

PTEN PTEN 
Immuno     Immuno 

LOH 5' Markers 4* 
LOH 3' Markers 1* 
ROH Flank Markers 18 
Total Tumors 22 

Correlation between PTEN immunostaining and LOH of 5' and/or 3' 
flanking markers. 

Concordance 82%. 
LOH, loss of heferozygosify; ROH, retention of heterozygosity. 
'Apparent discordance 18%. 

Comparison of Immunohistochemical and 
Structural Mutation Data 

Immunohistochemical evidence of PTEN expression was 
absent or weak in a total of 11 (33%) of 33 breast carci- 
nomas. These breast carcinomas had been previously 
examined for LOH of markers flanking PTEN and also for 
intragenic PTEN mutations;13 40% demonstrated LOH 
but there were no intragenic PTEN mutations or biallelic 
deletion. Whether there is a one-to-one concordance be- 
tween molecular and immunohistochemical observations 
is further explored in this report. 

LOH analysis for markers in the 10q22-24 interval was 
previously performed using seven microsatellite markers 
(centromeric to telomeric): D10S579, D10S215, 
D10S1765, D10S541, D10S1735, D10S1739, and 
D10S564.13P7BVIies between D10S1765 and D10S541, 
a genetic distance of 1 cM but a physical distance of only 
several hundred kilobasepairs. For purposes of this 
study, to compare the immunohistochemical data to the 
LOH data, PTEN was considered to be physically deleted 
only when one or more immediately flanking (informative) 
markers centromeric and telomeric of PTEN showed 
LOH. Using this strict and conservative interpretation for 
monoallelic PTEN deletion, 6 of the tumors were shown to 
have a loss of one allele of the PTEN gene, another 7 were 
shown to have a loss flanking one side of (which may or 
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Figure 3. Cases with weak staining (arrows in C and F, non-neoplastic duct; arrow in E, blood vessel). A: Ductal carcinoma (case 40) showing no staining 
(graded —) in the invasive component (top) adjacent to immunostain-positive intraductal component (bottom). B: Case 66. C: Case 59- D: Case 57. E: Case 45. 
Original magnification, X30. 

may not include) PTEN. For these latter 7 tumors, poten- 
tial hemizygosity at the PTEN locus was further assessed 
by screening for a T/G polymorphism within PTEN intron 
8 (IVS8+32T/G), detected by differential digestion with 
the restriction endonuclease HincW, and the intragenic 
polymorphic markers AFM086wg9, D10S2491, and 
D10S2492. AFM086wg9 lies in intron 2 oWTEN. The likely 
intragenic marker order is centromere - D10S2491 - 
AFM086wg9 - D10S2492/IVS8+32T/G - telomere 
(Marsh and Eng, unpublished). 

Of the 5 breast carcinomas that exhibited no immuno- 
histochemical evidence of PTEN expression (graded -), 
4 showed extensive LOH of markers flanking PTEN and 

hence, PTEN itself (Table 1, Column 3 and Table 3). The 
fifth carcinoma had LOH on the telomeric side (D10S541) 
of PTEN. Further molecular analysis revealed retention of 
heterozygosity at AFM086wg9 but LOH at the IVS8+32T/G 
polymorphism, suggesting hemizygous deletion of the 3' 
end of PTEN. Therefore, all 5 breast carcinomas that had 
negative PTEN immunostaining also had hemizygous 
PTEN deletion (Table 3). None of these 5 had biallelic 
deletion of PTEN nor did they have a second intragenic 
PTEN hit, ie, mutation of the remaining allele. 

Of the 6 carcinomas that had weak PTEN immunostain- 
ing, graded +,4 had been previously shown to have LOH 
of markers flanking one side or the other of PTEN and 2 
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Table 2.    Analysis of Correlation between PTEN Immunostaining and PTF.N Intragenic LOH in Cases with Decreased 
Imnumostaining and Apparently Discordant Tumors 

Immuno- 
staining score 

PTEN 
 - - 

10q22-23 Markers 

Tumor S1765 S2491 AFM086 S2492 IVS8 S541 

41 + + LOH Nl LOH ROH ROH Nl 
52 + + LOH Nl ROH ROH N/A ROH 
53 + + LOH ROH ROH ROH ROH LOH 
50 + + LOH ROH ROH Nl ROH Nl 
40 + LOH N/A Nl N/A LOH ROH 
59 + LOH N/A LOH N/A LOH ROH 
66 + ROH Nl LOH N/A N/A LOH 
57 + ROH LOH LOH N/A N/A ROH 
55 + ROH Nl Nl N/A LOH LOH 
45 + ROH Nl ROH Nl ROH ROH 

Tumor numbers correspond to those of Feilotter et al.13 

LOH, loss of heterozygosity; ROH, retention of heterozygosity; Nl, not informative (germline homozygosity at marker); N/A, not applicable or not 
done. 

showed no LOH of flanking markers (Tables 2 and 3). 
Further LOH analysis within PTEN revealed that the 4 
carcinomas with LOH of markers flanking one side of the 
gene also had LOH of at least one of the intragenic 
markers (Table 2). Thus, these 4 tumors with decreased 
immunostaining seemed to have hemizygous deletion of 
PTEN or at least part of it. In the remaining two carcino- 
mas without LOH of markers immediately flanking the 
gene, further analyses within the gene were uninformative 
or showed retention of heterozygosity (Tumors 45 and 57, 
Tables 2 and 3). In all likelihood, PTEN might not be 
altered at the structural level in that particular tumor. 

Among the remaining 22 carcinomas that showed im- 
munohistochemical evidence of strong PTEN expression 
(increased staining compared to normal mammary 
glands), 18 (82%) showed no LOH and biallelic presence 
of PTEN was demonstrated (Table 1). There were 4 tu- 
mors that seemed to be immunostained (grade + + ), yet 
showed LOH flanking PTEN (Tables 2 and 3). However, it 
should be noted that 3 of these 4 tumors had LOH of 

Table 3.    Summary of PTEN Expression by 
Immunohistochemistry Compared to Molecular 
Analysis 

PTEN Expression LOH* ROH 

PTEN- 
PTEN + 
PTEN + - 

0 
1 

21 

"LOH  of  both  flanking  markers  or a  minimum  of  LOH  of  one 
intragenic marker. 

Table 4.    Estrogen/Progesterone Receptor Status of Breast 
Carcinomas by PTEN Immunostaining Status 

PTEN IHC status ER/PR ER/PR + 

Negative (-) 
Decreased ( + ) 
Positive (++) 

2 
7 

16 

ER, estrogen receptor; PR, progesterone receptor. 
An equivocal positive receptor status (n =  5) was scored as a 

positive. 

D10S1765 immediately centromeric of PTEN but with ei- 
ther retention of heterozygosity or noninformativeness at 
D10S541 immediately 3' of the gene. Further LOH anal- 
ysis within PTEN corroborates the previous observations 
(Table 2): in tumor 6, 3' markers within the gene showed 
retention of heterozygosity and a 5'marker (AFM086wg9) 
showed LOH; in tumor 5, where D10S1765 showed LOH, 
markers within the gene (AFM086wg9 and D10S2492) 

and 3' of the gene (D10S541) all showed retention of 

heterozygosity. Similarly, tumor 9, which had LOH at 

D10S1765, had 3 of 4 intragenic markers with retention of 
heterozygosity. Tumor 53 was unusual in that both 
D10S1765 and D10S541 had LOH, although molecular 

analysis demonstrated all 4 intragenic markers with re- 
tained heterozygosity. 

Correlation of PTEN Immunohistochemistry and 
Clinicopathological Parameters 

PTEN immunostaining status was compared with such 
clinicopathological parameters as age at diagnosis, size 

of primary tumor, tumor grade, lymph node status, and 
estrogen receptor and progesterone receptor status. Be- 
cause of the relatively small numbers, especially in the 

context of subset analyses, no conclusions could be 
drawn with confidence from our observed correlations. 
The most interesting association seemed to be that be- 

tween PTEN expression and hormone receptor status 

(Table 4). Three of the 5 carcinomas (67%) that had no 
PTEN protein were estrogen and progesterone receptor- 

negative compared to 5 of 22 (23%; P < 0.05 Fisher's 
exact test) in the PTEN-immunopositive samples. All 6 
carcinomas that had weak PTEN staining were estrogen 

and progesterone receptor-positive. Other trends are 

also noteworthy. Although there were only 2 grade I tu- 
mors, both had high PTEN expression. All 5 tumors that 
were 1.5 cm or smaller had high levels of PTEN protein. 
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Discussion 

In this first report of immunohistochemical analyses of 
PTEN expression in sporadic primary breast carcinomas, 
we found that 33% of these tumors had either no or 
decreased expression of PTEN, which generally ap- 
peared to correlate with structural monoallelic deletion of 
the gene. Although it is understandable that tumors with 
monoallelic loss of PTEN have decreased PTEN expres- 
sion at the protein level, one must explain the 5 samples 
with no immunoreactivity and structural PTEN hemizygos- 
ity. None of these samples was found to have intragenic 
PTEN mutations in the remaining allele, either. It is more 
than plausible, therefore, that an epigenetic phenome- 
non, such as hypermethylation of the promoter region28 

and decreased protein synthesis or increased protein 
turnover,26 might be inactivating the remaining allele. 
Similarly, for the tumor (case 45) with decreased staining 
but no structural PTEN deletion, similar hypotheses may 
be raised. Other explanations include point mutations in 
the putative promoter of the remaining allele or normal 
tissue contamination of the breast samples, thus giving 
pseudo-hemizygosity in the face of real homozygous de- 
letion. The latter can be discarded because very careful 
microdissection of the carcinoma components was per- 
formed by a pathologist with extensive experience in 
microdissection. Further, since the pattern of all positive 
and negative tumors was homogeneous, regional PTEN 
deletions in tumor subclones are very unlikely. Con- 
versely, the observation of rare immunopositive tumors 
(n = 4) which appear to have LOH of flanking markers 
can be plausibly explained as well: at least in 3 informa- 
tive tumors, no deletion of the gene proper or no deletion 
of most of the 3' end of the gene has occurred. Hence, 
the monoclonal antibody, which is raised against the C 
terminus of PTEN, would still immunostain these samples 
positively. In this situation, therefore, incomplete 5' dele- 
tion of PTEN might still be associated with translation of a 
truncated immunocompetent PTEN protein. In summary, 
while structural deletion or mutation of PTEN can lead to 
decreased PTEN protein levels, other mechanisms which 
lead to complete loss of PTEN expression seem to be 
prominent as well, at least in the breast carcinoma model. 

Whether loss of PTEN expression is an early or late 
event in breast carcinogenesis is still controversial, al- 
though preliminary reports suggest that it is a late 
event.11 The observation that loss of PTEN expression is 
correlated with a negative estrogen and progesterone 
status and that both grade I tumors had strong PTEN 
expression also strengthen this hypothesis. There is no 
doubt that these latter clinicopathological observations 
need to be investigated further. Nonetheless, these data 
in toto argue that despite the observation that germline 
PTEN mutations cause Cowden syndrome,4 somatic 
PTEN mutation or functional loss of PTEN expression is 
associated with tumor progression and not tumor initia- 
tion, at least in the breast cancer model. It is also clear 
from our and other data that breast carcinogenesis does 
not rely uniformly on the involvement of the PTEN path- 
way, although how PTEN plays a role in various aspects 

of normal development and in the pathogenesis of breast 
carcinoma is not straightforward. 
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Cowden syndrome (CS, MIM 158350) is an 
autosomal dominant disorder with age related 
penetrance characterised by multiple hamarto- 
mas and a high risk of breast, thyroid, and per- 
haps other cancers. These hamartomas can 
arise in tissues derived from all three embry- 
onic germ cell layers, in accordance with the 
prominent expression of the susceptibility gene 
throughout human embryonic and fetal 
development.1 The cardinal features of CS 
include trichilemmomas, which are hamarto- 
mas of the infundibulum of the hair follicle, 
and mucocutaneous papillomatous papules, 
which occur in the great majority (>90%) of 
affected subjects.2 3 Lesions in the breast or 
thyroid occur in at least two thirds of CS cases. 
The incidence of CS before gene identification 
was estimated to be 1 in a million in a popula- 
tion based Dutch clinical epidemiologies! 
study.2 4 However, after gene identification, this 
figure was revised to 1 in 200 000,5 which is 
almost certainly an underestimate. This is 
because CS has variable expression and often 
can have nothing but subtle skin signs, and so 
this condition is difficult to recognise and 

Table 1    International Cowden Consortium operational criteria for the diagnosis of CS, 
Verl995 

Pathognomonic criteria 
Mucocutanous lesions 

Trichilemmomas, facial 
Acral keratoses 
Papillomatous lesions 
Mucosal lesions 

Major criteria 
Breast carcinoma 
Thyroid carcinoma, especially follicular thyroid carcinoma 
Macrocephaly (eg, 395th centile) 
Lhermitte-Duclos disease (LDD) 
Minor criteria 
Other thyroid lesions (eg, goitre) 
Mental retardation (say, IQ S75) 
GI hamartomas 
Fibrocystic disease of the breast 
Lipomas 
Fibromas 
GU tumours (eg, uterine fibroids) or malformation 
Operational diagnosis in a person 
(1) Mucocutanous lesions alone if: 

(a) there are 6 or more facial papules, of which 3 or more must be trichilemmoma, or 
(b) cutaneous facial papules and oral mucosal papillomatosis, or 
(c) oral mucosal papillomatosis and acral keratoses, or 
(d) palmoplantar keratoses, 6 or more 

(2) 2 major criteria but one must include macrocephaly or LDD 
(3) 1 major and 3 minor criteria 
(4) 4 minor criteria 
Operational diagnosis in a family where one person is diagnostic for Cowden syndrome 
(1) The pathognomonic criterion/ia 
(2) Any one major criterion with or without minor criteria 
(3) Two minor criteria 

remains underdiagnosed. Before 1996, little 
was known about the molecular aetiology of 
the inherited hamartoma syndromes, including 
CS. For purposes of localising the CS gene, the 
International Cowden Consortium proposed a 
set of operational diagnostic criteria to ascer- 
tain CS families and to assign affected status 
within families (table l).4 6 These criteria have 
been adopted by the US based National Com- 
prehensive Cancer Network (NCCN) 
Genetics/High Risk Cancer Surveillance Panel, 
whose task is to present evidence based or 
expert consensus practice guidelines.7 

The susceptibility gene for CS was mapped 
to  10q22-23 and identified a year later as 
PTEN.*8  PTEN  is   an   almost  ubiquitously 
expressed dual specificity phosphatase which 
acts as a tumour suppressor9"" by mediating 
cell cycle arrest or apoptosis or both, among 
other as yet unelucidated functions.'2"14 When 
CS families and cases are ascertained strictly 
by the Consortium criteria (table 1), the PTEN 
mutation frequency is approximately 80%.815 

However, when these criteria are not used, the 
mutation frequency ranges from 10-50%.16"18 

Bannayan-Riley-Ruvalcaba  syndrome   (BRR, 
MIM 153480), an autosomal dominant devel- 
opmental disorder characterised by macro- 
cephaly, developmental delay, lipomatosis, hae- 
mangiomatosis, and speckled penis, is allelic to 
CS,19 with a mutation frequency of 50-60%.20 

The   highest   PTEN   mutation   frequencies 
(>92%) are consistently obtained in CS-BRR 
overlap  families   (Eng  and   Hampel,  2000, 
unpublished observations).20 Recently, a Pro- 
teus syndrome-like subject was found to have a 
germline  PTEN mutation   and   a  germline 
mosaic PTEN mutation.21 This Proteus-like 
patient presented at birth with marked hyper- 
trophy of the right lower extremity in girth and 
length, pink verrucoid epidermoid naevi in 
whirls and plaques on the right side of his body, 
and macrocephaly. The hemihypertrophy pro- 
gressed such that massive arteriovenous mal- 
formations involving the muscles and bones of 
the entire right lower extremity and pelvis were 
noted at the age of 6 years. This patient does 
not meet the diagnostic criteria for Proteus 
syndrome22 nor BRR.23 A de novo germline 
PTEN R335X was found in this case, and non- 
germline R130X was found in three different 
non-contiguous   affected   tissues   from   the 
hypertrophied    lower    extremity.21    Whether 
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Table 2    International Cowden Consortium operational criteria for the diagnosis of CS, 
Ver 2000 

Paihognomonic criteria 
Mucocutanous lesions 

Trichilemmomas, facial 
Acral keratoses 
Papillomatous papules 
Mucosal lesions 

Major criteria 
Breast carcinoma 
Thyroid carcinoma (non-medullary), especially follicular thyroid carcinoma 
Macrocephaly (megalencephaly) (say, S95th centile) 
Lhermitte-Duclos disease (LDD) 
Endometrial carcinoma 
Minor criteria 
Other thyroid lesions (eg, adenoma or multinodular goitre) 
Mental retardation (say, IQ S75) 
GI hamartomas 
Fibrocystic disease of the breast 
Lipomas 
Fibromas 
GU tumours (eg, renal cell carcinoma, uterine fibroids) or malformation 
Operational diagnosis in a person 
(1) Mucocutanous lesions alone if: 

(a) there are 6 or more facial papules, of which 3 or more must be trichilemmoma, or 
(b) cutaneous facial papules and oral mucosal papillomatosis, or 
(c) oral mucosal papillomatosis and acral keratoses, or 
(d) palmoplantar keratoses, 6 or more 

(2) 2 major criteria but one must include macrocephaly or LDD 
(3) 1 major and 3 minor criteria 
(4) 4 minor criteria 
Operational diagnosis in a family where one person is diagnostic for Cowden syndrome 
(1) The pathognomonic criterion/ia 
(2) Any one major criterion with or without minor criteria 
(3) Two minor criteria 

Operational diagnostic criteria are reviewed and revised on a continuous basis as new clinical and 
genetic information becomes available. 

other Proteus-like cases will have PTEN muta- 
tions is unknown and is the subject of continu- 
ing research. It has been proposed that these 
syndromes that are defined by germline PTEN 
mutations be collectively termed PTEN 
Hamartoma Tumour Syndrome or PHTS.20 

In an effort to determine the full clinical 
spectrum involved in PTEN mutation and to 
confirm the robustness of the Consortium cri- 
teria, a study was performed to examine germ- 
line PTEN mutations in families and subjects 
ascertained by the minimal presence of breast 
cancer and any anatomical thyroid disorder in a 
single person or in a minimum of two first 
degree relatives in a family but who did not 
meet the Consortium criteria for the diagnosis 
of CS.24 Of 64 CS-like cases ascertained, one 
was found to have a germline PTEN mutation. 
This family had bilateral breast cancer, follicu- 
lar thyroid carcinoma, and endometrial adeno- 
carcinoma. There were only four other families 
with endometrial cancer. These observations 
suggest that the Consortium criteria are robust 
and that the small but finite PTEN mutation 
frequency   is   important   in   clinical   cancer 
genetic management. Further, it suggests that 
the   presence   of  endometrial   cancer   may 
increase the likelihood  of finding germline 
PTEN mutation, even in CS-like families. In 
another recent study, a nested cohort compris- 
ing 103 eligible women with multiple primary 
cancers within the 32 826 member Nurses' 
Health Study were examined for the occult 
presence   of   germline   PTEN   mutations.25 

Among 103 cases, five (5%) were found to have 
germline missense mutations, all of which have 
been shown to cause some loss of function. Of 
these five, two cases themselves had endome- 
trial cancer. This study, therefore, suggests that 
occult germline mutations of PTEN, and by 

extrapolation  CS, occur with  a higher fre- 
quency than previously believed. Further, these 
data confirm the previous observations24 that 
endometrial carcinoma might be an important 
component cancer of CS and, indeed, its pres- 
ence in a case or family that is reminiscent of 
CS but does not meet Consortium criteria 
might actually help increase the prior probabil- 
ity of finding PTEN mutation. Taken together, 
these molecular based observations, together 
with previous clinical epidemiological studies,2 

were felt sufficient to revise the Consortium 
criteria for the diagnosis of CS to include 
endometrial carcinoma (table 2). These revised 
criteria will most likely be adopted for the next 
revision of the NCCN document. Although 
further long term and formal investigation of 
whether  endometrial   carcinoma  and  other 
tumours   are  true   components  of CS,  for 
purposes of research ascertainment and for 
clinical practice, exponents of CS and the 
NCCN  panel  felt  that  it  would  be more 
conservative, and in the interest of the patient, 
to acknowledge endometrial carcinoma as a 
component cancer. 

Anecdotal evidence suggests that renal cell 
carcinoma and malignant melanoma may be 
minor component neoplasias of CS, although 
the latter association is difficult to prove 
because melanoma is common in the general 
population as well. Nonetheless, they should be 
kept in mind, especially when considering sur- 
veillance in PHTS. 

Surveillance recommendations are governed 
by the component tumours of CS, namely, 
breast carcinoma, non-medullary thyroid carci- 
noma, adenocarcinoma of the endometrium, 
renal cell carcinoma, and possibly melanoma. 
For males and females, annual comprehensive 
physical examinations paying particular atten- 
tion to skin changes and the neck (thyroid) 
region should be instituted at the age of 18 
years or five years younger than the youngest 
diagnosis of a component cancer in the family.7 

For females, annual clinical breast examination 
and training in breast self examination should 
begin around the age of 25 years; annual mam- 
mography should begin at 30 or five years 
younger than the earliest age of breast cancer 
diagnosis in the family.7 For the next NCCN 
revised guidelines, the panel would probably 
also recommend annual surveillance of the 
endometrium, blind repel (suction) biopsies of 
the endometrium in the premenopausal years, 
perhaps beginning at the age of 35 or five years 
younger than the youngest age of endometrial 
cancer diagnosis in the family, as well as annual 
urine analysis for the presence of blood which 
may be performed together during the annual 
physical examination. Further, clinicians who 
look after such families should be mindful to 
note any other seemingly non-component neo- 
plasia which might be over-represented in a 
given family. 

Who should undergo CS surveillance? Any 
person known to have a germline PTEN muta- 
tion (that is, PHTS) should undergo surveil- 
lance. Among classical CS and BRR probands, 
preliminary data suggest that the presence of a 
PTEN mutation is associated with the develop- 
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ment of breast cancer in any given family.15 20 

Until further data become available, any 
subject who carries the clinical diagnosis of CS 
should also undergo surveillance. What is less 
clear is whether PTEN mutation negative BRR 
should undergo cancer surveillance. 

I am deeply grateful to all the patients and families with CS, 
BRR, and CS-like from around the world who have participated 
in our studies. I would also like to thank members of my labora- 
tory, numerous collaborators and colleagues, especially Mark 
Greene and Monica Peacocke, and all the genetic counsellors, 
especially Heather Hampel and Kathy Schneider, who have 
contributed in one way or another towards the formulation of 
these revised criteria. My research activities are funded by the 
National Institutes of Health, Bethesda, MD, USA, the Ameri- 
can Cancer Society, the US Army Breast Cancer Research Pro- 
gram, the Susan G Komen Breast Cancer Research Foundation, 
and the Mary Kay Ash Charitable Foundation. 
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ABSTRACT 
Frequent mutation of the PTEN tumor suppressor gene in endo- 

metrial adenocarcinoma has led to the prediction that its product, a 
phosphatase that regulates the cell cycle, apoptosis, and possibly cell 
adhesion, is functionally active within normal endometrial tissues. 
We examined PTEN expression in normal human endometrium dur- 
ing response to changing physiological levels of steroid hormones. 
PTEN ribonucleic acid levels, assessed by RT-PCR, increase sever- 
alfold in secretory compared to proliferative endometrium. This sug- 
gested that progesterone, a known antineoplastic factor for endome- 
trial adenocarcinoma, increases PTjEiVlevels. Immunohistochemistry 
with an anti-PTEN monoclonal antibody displayed a complex pattern 
of coordinate stromal and epithelial expression. Early in the men- 

strual cycle under the dominant influence of estrogens, the prolifer- 
ative endometrium shows ubiquitous cytoplasmic and nuclear PTEN 
expression. After 3-4 days of progesterone exposure, glandular epi- 
thelium of early secretory endometrium maintains cytoplasmicPTiJiV 
protein in an apical distribution offset by expanding PTEN-free basal 
secretory vacuoles. By the midsecretory phase, epithelial PTEN is 
exhausted, but increases dramatically in the cytoplasm of stromal 
cells undergoing decidual change. We conclude that stromal and ep- 
ithelial compartments contribute to the hormone-driven changes in 
endometrial PTEN expression and infer that abnormal hormonal 
conditions may, in turn, disrupt normal patterns of PTEN expression 
in this tissue. (J Clin Endocrinol Metab 85: 2334-2338, 2000) 

THE PTEN TUMOR suppressor gene is mutated in 34- 
80% of endometrioid endometrial adenocarcinomas 

(1-3) and in up to half of premalignant endometrial lesions, 
atypical endometrial hyperplasias (3-6). Its role in tumor 
suppression is confirmed by frequent endometrial abnor- 
malities that develop in PTEN-deficient mice (7) and the high 
incidence of breast, thyroid, and endometrial cancers in hu- 
mans with constitutive mutation of one PTEN allele, Cow- 
den's syndrome (8-10). Mutations in the PTEN gene have 
emerged as a primary cause of this most frequent of all 
gynecological cancers, endometrial adenocarcinoma. 

An intriguing feature common to many organs prone to 
develop somatic PTEN mutant tumors is steroid hormone 
responsiveness. In the case of sporadic endometrial adeno- 
carcinomas, nonphysiological aberrations of sex hormone 
levels have been repeatedly defined by epidemiological stud- 
ies as the major risk factor for this disease (11). Is there a 
relationship between PTEN expression and steroid hormone 
levels that might link the observed high PTEN mutational 
rate and hormonal endometrial risk factors? To date, there is 
no direct link between steroid hormone response and PTEN 
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function. As a primary target organ for sex hormones, the 
endometrium is an exquisite barometer by which the hor- 
monal environment can be measured. The morphological 
appearance of endometrium during the latter half of the cycle 
is sufficiently stereotypical that a trained pathologist can 
predict the actual menstrual date (±48 h) of a blinded his- 
tological specimen. It is thus possible to classify endometrial 
tissues by histological appearance and infer with a high level 
of confidence their menstrual age and ambient hormonal 
conditions. 

We have selected normal endometrial tissues from 
throughout the normal cycle for PTEN expression analysis 
and interpreted our findings in light of the distinctive hor- 
monal profiles that distinguish its phases. Immunohisto- 
chemistry permitted further resolution of which cell types 
contribute to the overall PTEN expression within this com- 
plex and dynamic tissue. 

Materials and Methods 
Tissue samples 

Snap-frozen endometrial samples were obtained as discarded mate- 
rials from hysterectomies of women undergoing surgery for benign, 
nonendometrial, uterine disease (usually uterine prolapse or fibroids). 
Endometrial histology was evaluated by review of hematoxylin- and 
eosin-stained paraffin histological sections obtained at the time of tissue 
allocation. Endometria from four premenopausal (no exogenous hor- 
mone administration, age <50 yr) cycling women included two prolif- 
erative and two secretory endometria. An additional hysterectomy spec- 
imen from a postmenopausal patient with an atrophic endometrium was 
included along with myometrium as a control. 

Paraffin blocks of histologically normal endometria were retrieved by 
diagnosis from the pathology files of Brigham and Women's Hospital. 

2334 
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All patients were less than 50 yr old, clinically premenopausal, and 
without intrinsic endometrial disease or recent history of hormone ad- 
ministration. Histological sections were reviewed by a gynecological 
pathologist (G.L.M.) for assignment of menstrual date according to a 
standardized 28-day cycle (12). Day assignments of 40 accessioned nor- 
mal endometria correspond to sequential hormonal and histological 
events beginning with the first day of menses as follows: menses, days 
1-4 (n = 4); proliferative phase, days 5-15 (n = 8); early secretory 
endometrium, days 16-18 (n = 7); midsecretory endometrium, days 
19-24 (n = 7); and late secretory endometrium, days 25-28 (n = 15). 

RT-PCR 

RNA was isolated by lysis in guanidine isothiocyanate and selective 
precipitation with lithium chloride (13). RT of 10 /xg total RNA with 
random hexamers and SuperScript reverse transcriptase (Life Technol- 
ogies, Inc>zcomx>-BRL, Gaithersburg, MD) was performed according 
to the manufacturer's instructions. Identical RNA aliquots underwent 
parallel manipulation, except for the addition of reverse transcriptase. 
A constant quantity of resultant complementary DNAs or RNAs without 
RT was amplified by PCR for 27 PCR cycles at an annealing temperature 
of 50 C with one of three different PTEN primer sets and a control ß-actin 
primer (Research Genetics, Inc., Huntsville, AL; catalogue no. M502) 
(14). The number of PCR cycles was bracketed between 22-32 to identify 
a linear range of amplification for the PCR conditions used; 27 cycles was 
the midlinear range for the primers used. PCR reactions were performed 
in a 50-/xL reaction mix [10 mmol/L Tris (pH 8.4), 50 mmol/L KC1, 20 
/tg/ml gelatin, 1.5 mmol/L MgCl, oligonucleotide primers 0.1 junol/L 
of each, 0.2 mmol/L deoxy (d)-ATP, 0.2 mmol/L dGTP, 0.2 mmol/L 
dCTP, 0.05 mmol/L TTP, and 50-100 nmol/L [32P]TTP; model PTC-100 
thermal cycler, MJ Research, Inc., Cambridge, MA). Oligonucleotide 
primers for the PTEN gene spanned exons 5-7 (PT5-a/b), 6-7 (PT6-a/b), 
and 8-9 (PT8-a/b). PCR primers are as follows: PT5a, TTTCTATGGG- 
GAAGTAAGGA; PT5b, ACGGCTGAGGGAACTC; PT6a, GTCAGAG- 
GCGCTATGTGTAT; PT6b, GTCTTCCCGTCGTGTG; PT8a, AATGTT- 
TCACTTTTGGGTAA; and PT8b, CGGCTCCTCTACTGTTTTT. PCR 
products were electrophoresed in 0.4-mm thick polyacrylamide gels 
under nondenaturing conditions (200-500 V in 8% polyacrylamide gel 
made in 45 mmol/L Tris-borate and 1 mmol/L ethylenediamine tet- 
raacetate). Gels were dried, and autoradiography was performed using 
preflashed Kodak XAR film (Eastman Kodak Co., Rochester, NY) at -60 
C. Autoradiogram optical density was measured with an EC model 910 
optical densitometer (EC Apparatus Corp., St. Petersburg, FL), and the 
resultant plot was integrated using the GS365W Electrophoresis Data 
System, version 2.0 (Hoeffer Scientific, San Francisco, CA). 

Immunocytochemistry 

The monoclonal antibody 6H2.1 (3,15,16) raised against the last 100 
C-terminal amino acids of PTEN, developed and supplied by Jacqueline 
Lees (Massachusetts Institute of Technology, Cambridge, MA), was used 
in all immunocytochemical analyses. The specificity of this antibody for 
PTEN has been documented previously (15). 

Tissue samples were fixed by immersion in buffered formalin and 
embedded in paraffin following standard histological practices. Four- to 
5-mm sections were cut and mounted on SuperFrost Plus slides (Fisher 
Scientific, Pittsburgh, PA). Immunostaining was performed essentially 
as previously described (15). In summary, the sections were deparaf- 
finized and rehydrated. Hydrated tissue underwent antigen retrieval for 

20 min at 98 C in 0.01 mol/L sodium citrate buffer, pH 6.4, in a micro- 
wave oven. Endogenous peroxidase activity was blocked by incubation 
in 0.3% hydrogen peroxide for 30 min. After blocking for 30 min in 0.75% 
normal serum, the sections were incubated with 6H2.1 (dilution, 1:100) 
for 1 h at room temperature. Negative control slides received buffer only 
at this step. The sections were washed in phosphate-buffered saline and 
then incubated with biotinylated horse antimouse IgG followed by avi- 
din peroxidase using the Vectastain ABC elite kit (Vector Laboratories, 
Inc., Burlingame, CA). The chromogenic reaction was carried out with 
3,3'-diaminobenzidine using copper sulfate amplification, which gives 
a brown reaction product. After counterstaining with methyl green, the 
slides were evaluated under a light microscope. The intensity of staining 
was classified separately for the nucleus/nuclear membrane and the 
cytoplasm and was graded by two independent observers as strong 
(+ ++), moderate (++), weak (+), or absent (-). 

Results 

PTEN RNA abundance (Table 1) increased by a factor of 
5 or more in the transition from proliferative to secretory 
endometrium, as assessed by three independent PCR assays 
(Fig. 1, assays PT5-a/b, PT6-a/b, and PT8-a/b). 

PTEN immunohistochemistry resolved the tissue-specific 
(e.g. endometrial epithelium, stroma, etc.) and subcellular 
localization of PTEN protein in cycling complex endometrial 
tissues. The distribution of PTEN immunohistochemical sig- 
nal was confined primarily to the endometrium functionalis, 
the superficial or luminal portion of the endometrial thick- 
ness that undergoes dramatic morphological change in re- 
sponse to the changing hormonal conditions that define the 
menstrual cycle. The deeper endometrial basalis tended to 
have very faint PTEN staining regardless of cycle stage (not 
shown). 

The endometrium functionalis expresses PTEN protein in 
both stromal and glandular epithelial cells, with systematic 
changes in intensity and subcellular localization during the 
menstrual cycle (Table 2). Beginning with menstrual endo- 
metrium, shed tissue aggregates have nuclear signal in stro- 
mal cells, but none in epithelium (Fig. 2A). As the func- 
tionalis regenerates during the proliferative phase PTEN 
signal becomes widespread in epithelial and stromal com- 
partments (Fig. 2B). In the early secretory phase, newly 
formed basal secretory vacuoles exclude PTEN protein, 
which is present only in the apical aspect of glandular epi- 
thelial cells (Fig. 2C). At this time, the stromal cells maintain 
PTEN expression in a pattern similar to that of the earlier 
proliferative phase. In the mid- and late secretory phases, 
glands are essentially depleted of PTEN protein (Fig. 2D). A 
progesterone-induced change in midsecretory stromal cells, 
decidualization, corresponds to expansion of the cytoplasmic 
volume and continues through the later secretory interval 

TABLE 1. Increase in PTEN RNA in progesterone-exposed endometrium 

Assay Proliferative mean 
(SD), n = 2 

Secretory mean 
(SD), n = 2 

SE/PE 
ratio P (by t test) 

PT5-a/b 
PT6-a/b 
PT8-a/b 
/3-Actin 

9,636 (3,797) 
5,868 (165) 
2,785 (451) 

11,370 (7,196) 

53,733 (13,506) 
28,023 (4,024) 
39,672 (1,179) 
14,909 (6,278) 

5.6 
4.8 

14.2 
1.3 

0.047 
0.016 
0.001 
0.653 

Densitometry of RT-PCR autoradiographic signal from Fig. 1 proliferative estrogen-exposed (lanes 3 and 4; n = 2) and secretory progesterone- 
exposed (lanes 5 and 6; n = 2) endometrium was performed, and averaged results for each tissue type were used to calculate the relative increase 
in expression within secretory compared to proliferative endometrium (SE/PE ratio). Two-tailed t test probability is shown for each primer set. 
Expression of PTEN transcripts as indicated by three PT primer sets increases in secretory relative to proliferative endometrium. 
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(12). Nuclear signal in decidualized stromal cells at this stage 
becomes increasingly intense (Fig. 2D), and the cytoplasmic 
staining becomes somewhat variable relative to that in earlier 
secretory endometrium. 

Discussion 

Endometrial expression of PTEN is not constant through- 
out the menstrual cycle, but changes in response to the hor- 
monal environment. Our initial assessment of expression 
using whole tissue as a RNA source for PTEN RT-PCR sug- 
gested that the postovulatory secretory phase had increased 
PTEN expression relative to the estrogenic proliferative 
phase. Immunohistochemical localization of PTEN protein 
within endometrial tissues, however, showed a highly com- 
plex distribution in multiple cell types and subcellular lo- 
cations that cannot be simply summarized by a change in 
total tissue abundance. The endometrial response to proges- 
tins is cell type specific and inverse between epithelial and 

+ RT 
12 3 4 5 6 

-RT 
1 2 3 4 5 6 o 

PT5-a/b 

|PT6-a/b 

^^ PT8-a/b 

BetaActin 

FIG. 1. Endometrial expression of PTEN RNA in a changing hor- 
monal environment. PTEN expression throughout the normal men- 
strual cycle was studied by RT-PCR. Equal quantities of normal 
human endometrial RNA isolated from atrophic (lane 2), estrogen- 
primed proliferative (2 patients, lanes 3 and 4), and progesterone- 
exposed secretory (2 patients, lanes 5 and 6) endometria were reverse 
transcribed (+RT) with random hexamers, and the resultant com- 
plementary DNA was used as a PCR template. Myometrium from the 
postmenopausal patient with atrophic endometrium (lane 2) is in- 
cluded as lane 1. Three different PTEN primer sets were used in 27 
PCR cycles, spanning exons 5-7 (PT5-a/b), 6-7 (PT6-a/b), and 8-9 
(PT8-a/b). All show that PTEN UNA levels increased severalfold (see 
Table I) under progesterone influence (lanes 5 and 6) relative to the 
estrogenic proliferative phase (lanes 3 and 4) or in the hormonally 
depleted atrophic state (lane 1). Controls shown include identical 
RNAs without RT (-RT), genomic DNA, and the constitutively ex- 
pressed gene ß-actin (26). Signal in the 4-RT lanes can be ascribed to 
a RNA source, as there is minimal contaminating genomic DNA 
background (-RT). Each row of data is from a single autoradiogram, 
with exposure intervals ranging from 4-12 h. 

stromal cells. Estrogen-driven, mitotically active, glandular 
and stromal cells have a high level of ubiquitous PTEN ex- 
pression in both nuclear and cytoplasmic compartments. 
With the addition of progesterone, epithelial PTEN expres- 
sion declines to a point where after 3-5 days (cycle days 
18-19) this protein is completely extinguished to a level 
below the threshold of detection. The diminution of epithe- 
lial PTEN expression begins with a polarized loss of PTEN 
protein from the basal aspect of epithelial cells. At this same 
time, adjacent stromal cells undergoing cytoplasmic expan- 
sion as part of a decidualization process collect abundant 
nuclear and cytoplasmic PTEN protein. 

Changes in PTEN expression correspond to those endo- 
metrial zones that respond to hormonal fluctuation by 
changes in specialized cellular functions. Areas of endome- 
trium sheltered from cyclical hormone-driven changes have 
low or absent PTEN levels, which remain stable throughout 
the cycle. This is evident in the endometrial basalis, which 
does not undergo stromal decidualization or secretory 
change as seen in more superficial regions (12). 

The observation that epithelial PTEN expression levels 
decline in secretory endometrium is unexpected, especially 
because increasing levels of progesterone are widely known 
to have antineoplastic effects in this tissue. If PTEN had a 
direct effect on the antitumorigenic properties of progestins, 
the opposite would be predicted. Two alternate models are 
worth considering, but will require additional experimenta- 
tion to evaluate. One is that the PTEN effect on endometrial 
glands is mediated by the adjacent stromal cells. Alterna- 
tively, the functional requirement for PTEN-mediated tumor 
suppressor activity might be specific to a highly mitotic es- 
trogenic environment and negated under progestin-domi- 
nated conditions that reduce cell division. If this were the 
case, PTEN mutation under unopposed estrogen conditions 
would result in a high risk of developing carcinoma. This is 
exactly the combination of circumstances that is known to 
increase cancer risk: protracted unopposed estrogen expo- 
sure (11, 17) and development of a premalignant lesion, 
many of which we now recognize as having PTEN mutations 
(3). In another study we have shown that endometria stim- 
ulated for abnormally long intervals with estrogens begin to 
display clonal outgrowth of PTEN-depleted epithelium, 
which eventually assumes a physical configuration diagnos- 
tic of a precancerous state (3). Correspondingly, pharmaco- 
logical administration of progestins to patients with endo- 
metrial precancers is often effective in causing their ablation, 
and in primates may increase the expression of tumor sup- 
pressor genes such as DMBT1 (18). 

TABLE 2. PTEN immunohistochemistry in cycling endometrium functionalis 

Phase Day 
Epithelium Stroma 

Nucleus Cytoplasm Nucleus Cytoplasm 
Notes 

Menstrual 0-4 - 
Proliferative 5-15 + 
Early secretory 16-18 +/- 
Midsecretory 19-24 - 
Late secretory 25-28 - 

+ 
+ 

++ 
++ 
++ 
++ 

+++ 

+ 
+ 

++ 
varies + 

to+ + + 

Luminal PTEN, excluding basal vacuoles 

Stromal staining of cytoplasm decreases on pre- 
decidualization, nuclear strong throughout 

PTEN protein signal was evaluated in the superficial endometrium functionalis, and intensity was recorded for each cell type and subcellular 
compartment on a scale from no expression (-) to intense expression (+ ++). 
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FIG. 2. PTEN immunohistochemistry using antibody 6H2.1 displays signal as a brown product in sections of menstrual (A), proliferative (B), 
early secretory (day 17; C), and midsecretory (day 24; D) endometria. Scale bar, 100 /xm. 

A physiological function of PTEN exclusive of its postu- 
lated role in tumorigenesis is expected. It is essential for 
complete development, as complete inactivation in knockout 
mice produces embryonic lethality (7). PTEN expression in 
normal mice is widespread before organogenesis, becoming 
more restricted thereafter (19), when high levels are seen in 
skin, breast, thyroid, and brain. These are the very tissues 
prone to development of neoplasia in adults with acquired 
or inherited PTEN mutations. 

Changes in endometrial PTEN subcellular localization co- 
incide to shifts in mitotic activity. Mitotically active epithelial 
and stromal cells have PTEN protein in both cytoplasm and 
nucleus. A relative increase in nuclear localization is seen in 
nondividing decidualized late stromal cells and apoptotic 
menstrual stromal cells. To date, PTEN has been shown to 
play some role in cell cycle arrest at the Gx phase via un- 
known mediators, apoptosis probably through the PI3K-Akt 
pathway and cell adhesion via the focal adhesion kinase 
pathway (20-24). Each of these processes may require PTEN 
to be in specific subcellular localizations. For example, PTEN 
might better regulate cell adhesion and migration through 
dephosphorylation of focal adhesion kinases in the cytoplas- 
mic compartment (25). If PTEN indeed serves to check un- 
controlled mitotic division and initiate apoptosis, the fact 
that these functions are not effective throughout the men- 
strual cycle requires that PTEN expression be coordinated 
carefully throughout. 

In conclusion, PTEN expression in normal endometrium is 
ubiquitous in the estrogenic proliferative phase, but under- 
goes cell type-specific changes in response to progesterone. 
Epithelial cells lose PTEN protein in the secretory phase, 

whereas stromal cells increase PTEN expression, especially 
in the cytoplasmic compartment. Epithelial PTEN function is 
probably restricted to the mitotically active glandular epi- 
thelium, where its loss by mutation under protracted estro- 
genic conditions may initiate genesis of a precancerous 
lesion. 
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Altered PTEN Expression as 
a Diagnostic Marker for the 
Earliest Endometrial 
Precancers 

George L. Mutter, Ming-Chieh Lin, 
Jeffrey T. Fitzgerald, Jennifer B. 
Kum, Jan P. A. Baak, Jacqueline A. 
Lees, Liang-Ping Weng, Charis Eng 

Background: PTEN tumor suppressor 
gene mutations are the most frequent 
genetic lesions in endometrial adeno- 
carcinomas of the endometrioid sub- 
type. Testing the hypothesis that al- 
tered PTEN function precedes the 
appearance of endometrial adenocarci- 
noma has been difficult, however, 
partly because of uncertainties in pre- 
cancer diagnosis. Methods: Two series 
of endometrial cancer and precancer 
(endometrial intraepithelial neoplasia, 
as diagnosed by computerized morpho- 
metric analysis) tissue samples were 
studied, one for PTEN mutations by the 
use of denaturing gradient gel electro- 
phoresis and another for PTEN protein 
expression by immunohistochemistry. 
Endometria altered by high estrogen 
levels that are unopposed by proges- 
tins—conditions known to increase 
cancer risk—were also studied by im- 
munohistochemistry. Fisher's exact test 
was used for statistical analysis. Re- 
sults: The PTEN mutation rate was 
83% (25 of 30) in endometrioid endo- 
metrial adenocarcinomas and 55% (16 
of 29) in precancers, and the difference 
in number of mutations was statisti- 
cally significant (two-sided P = .025). 
No normal endometria showed PTEN 
mutations. Although most precancers 
and cancers had a mutation in only one 
PTEN allele, endometrioid endometrial 
adenocarcinomas showed complete loss 
of PTEN protein expression in 61% (20 
of 33) of cases, and 97% (32 of 33) 
showed at least some diminution in ex- 
pression. Cancers and most precancers 
exhibited contiguous groups of PTEN- 
negative glands, while endometria al- 
tered by unopposed estrogens showed 
isolated PTEN-negative glands. Con- 
clusions: Loss of PTEN function by 
mutational or other mechanisms is an 

early event in endometrial tumorigen- 
esis that may occur in response to 
known endocrine risk factors and of- 
fers an informative immunohistochem- 
ical biomarker for premalignant dis- 
ease. Individual PTEN-negative glands 
in estrogen-exposed endometria are the 
earliest recognizable stage of endome- 
trial carcinogenesis. Proliferation into 
dense clusters that form discrete pre- 
malignant lesions follows. [J Natl Can- 
cer Inst 2000;92:924-31] 

Somatic mutation or deletion of the 
PTEN tumor suppressor gene has been re- 
ported in approximately 40% (1,2) and 
40%-76% (3,4), respectively, of endome- 
trial adenocarcinomas. Further evidence 
for PTEN function within the female re- 
productive tract is evident in pten knock- 
out (null mutant) mice that develop com- 
plex proliferative endometrial lesions (5). 
In humans, familial inheritance of mutant 
PTEN alleles in Cowden syndrome 
causes multiorgan development of benign 
hamartomatous and malignant epithelial 
tumors (6-8), including an elevated inci- 
dence of endometrial adenocarcinoma 
(Eng C, Peacocke M: unpublished obser- 
vations). 

Patients with endometrioid endometri- 
al adenocarcinoma (1,2) account for 80% 
of endometrial cancer patients in the 
United States (9,70). Among all histo- 
logic subtypes of endometrial adenocarci- 
nomas, the endometrioid subtype appears 
to have the highest rate of somatic PTEN 
mutations (1,2). Routine histopathology 
readily discriminates endometrioid endo- 
metrial adenocarcinomas from nonendo- 
metrioid tumors, such as the papillary se- 
rous and clear-cell adenocarcinomas that 
also occur in the endometrium. Risk for 
endometrioid endometrial adenocarcino- 
mas is increased in patients with high es- 
trogen levels that are unopposed by pro- 
gestins (11) and in patients with a 
physically distinctive precancerous lesion 
(12). Interaction between genetic and hor- 
monal events during the premalignant 
phases of endometrial tumorigenesis has 
been hypothesized, yet it has never been 
precisely elucidated. 

The inaccessibility of premalignant tis- 
sues, the controversy concerning their in- 
terpretation, and the paucity of high-yield 
candidate genes are long-standing—but 

now fast-disappearing—barriers to pro- 
ductive exploration of the biology of en- 
dometrial precancers. Polymerase chain 
reaction (PCR)-based methods, including 
detailed mutational (13), clonal (14), and 
even lineage reconstruction (15) analyses, 
have improved the analytic repertoire 
suited to physically small precancers. Ac- 
curate diagnosis of the precancers them- 
selves, typically termed "hyperplasias" in 
the widely used World Health Organiza- 
tion nomenclature (16), has been difficult 
to standardize (17). Even when criteria 
are agreed upon, reproducibility (18) is 
suboptimal. Previous reports of PTEN 
mutations in putative endometrial precan- 
cers (19-21) have used subjective diag- 
nostic criteria. Objective computerized 
morphometry (12,22,23), which uses im- 
age analysis algorithms that have excel- 
lent ability to predict concurrent (23) or 
future (12) carcinoma, has been shown to 
improve the reproducibility of histopath- 
ologic diagnoses. We have previously 
validated computerized morphometric 
analysis as an accurate means of precan- 
cer identification by showing that most of 
the lesions that it classifies as precancers 
are, in fact, monoclonal neoplasms (24), 
albeit benign ones prone to malignant 
transformation. 
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We have performed PTEN mutation 
analysis and protein expression studies in 
a spectrum of precisely classified endo- 
metrial tissues to test our hypothesis that 
changes in PTEN structure and function 
are among the earliest events in the path- 
way to endometrioid endometrial cancer. 
A series of unopposed estrogen-exposed 
endometria was included to determine if 
altered PTEN function might precede the 
appearance of endometrial intraepithelial 
neoplasia (EIN), which we define as a 
precancer diagnosed by morphometry. 

MATERIALS AND METHODS 

Tissue Samples 

Two separate series of paraffin-embedded endo- 
metrial tissue samples were selected from the pa- 
thology files of Brigham and Women's Hospital 
(Boston, MA) by report review for diagnoses of en- 
dometrial adenocarcinoma and/or anovulatory- 
hyperplastic endometrium after approval was re- 
ceived from the Human Studies Committee at that 
institution. The first series of samples, hysterectomy 
specimens from 30 patients with endometrioid en- 
dometrial adenocarcinoma and premalignant lesions 
("precancers") that were diagnosed objectively by 
computerized morphometric analysis, was used for 
PTEN mutational analysis. A single region represen- 
tative of each tissue diagnosis was selected in each 
sample. Ten of these hysterectomy specimens also 
contained histologically normal endometrium suit- 
able for analysis, and all 30 contained normal myo- 
metrial tissue for use as a DNA control. Endometrial 
polyps were excluded from the analysis. The second 
series of samples, endometrial tissues from 54 
patients (34 hysterectomy specimens and 20 curet- 
ting/biopsy specimens), was used for PTEN immu- 
nohistochemistry. The samples used for immunohis- 
tochemistry were all less than 1 year old, whereas 
most of the first series of hysterectomy specimens 
(used for mutational analysis) were from surgeries 
performed more than 2 years earlier. 

Histologie Classification by Use of 
Computerized Morphometric Analysis 

Diagnostic classification was accomplished by a 
combination of review by a pathologist (G. L. Mut- 
ter) and computerized morphometry. First, carcino- 
mas were distinguished from premalignant lesions 
by the presence of at least one of three diagnostic 
features: 1) myometrial invasion, 2) solid areas of 
neoplastic epithelium, or 3) extensively meandering, 
interconnected glandular structures. Endometrial tis- 
sues that were judged not to constitute carcinomas 
were circumscribed with ink on the glass slide. 
Computerized morphometric analysis of corre- 
sponding delineated regions on hematoxylin-eosin- 
stained sections was performed (by J. P. A. Baak) by 
use of the QProdit 6.1 system (Leica, Cambridge, 
U.K.) as described previously (12,23,25). For each 
lesion, the D score was calculated from the volume 
percentage stroma (VPS), standard deviation of 
shortest nuclear axis (SDSNA), and gland outer sur- 
face density (OUTSD) [D = 0.6229 + (0.0439 x 
VPS) - (3.9934 x In [SDSNA]) - (0.1592 x 

OUTSD) (12,23)] and was then classified as precan- 
cerous (EIN) (D<0), indeterminate (0=£Ds£l), or be- 
nign (D>1) based on the previously developed 
(12,23) outcome-predictive formula. Endometrial 
areas scored as benign were subclassified by pa- 
thologist (G. L. Mutter) review. Atrophie, cycling, 
or reactive endometrium was identified and grouped 
as "normal." Unopposed estrogen-exposed endome- 
tria were diagnosed by the appearance of occasional 
glandular cysts in a disordered proliferative field 
without sufficient glandular crowding or atypia to 
qualify as a precancer. The source of unopposed 
estrogen was either endogenous (anovulatory 
cycles) or exogenous (pharmacologic estrogens). 

DNA Isolation and Amplification 

Genomic DNA from endometrial tissues (normal, 
precancer, or cancer) obtained at hysterectomy was 
isolated by selective UV irradiation (14) of areas of 
the paraffin sections that were typically 3 mm in 
diameter and contained dozens of individual glands. 
PTEN-coding sequences were amplified by PCR by 
use of target-specific oligodeoxynucleotide primers. 
Intron-based PCR primers were used to minimize 
coamplification of the processed (intronless) PTEN 
pseudogene on chromosome 9 (26). In the following 
list of the primers that we used, each like-numbered 
pair comprises the forward ("FGC") and reverse 
("RGC") primers for the correspondingly numbered 
PTEN exon: 1FGC (5'-CGT CTG CCA TCT CTC 
TCC TCC T-3'), 1RGC (5'-CGC CCG CCG CGC 
CCC GCG CCC GGC CCG CCG CCC CCG CCC 
GAA ATA ATA AAT CCG TCT ACT CCC ACG 
TTC T-3'), 2FGC (5'-CGT CCC GCG TTT GAT 
TGC TGC ATA TTT CAG-3'), 2RGC (5'-CGC 
CCG CCG CGC CCC GCG CCC GTC CCG CCG 
CCC CCG CCC GTC TAA ATG AAA ACA CAA 
CAT G-3'), 3FGC (5'-CGC CCG CCG CGC CCC 
GCG CCC GGC CCG CCG CCC CCG CCC GTA 
AAT GGT ATT TGA GAT TAG-3'), 3RGC (5'- 
GCG CGA AGA TAT TTG CAA GCA TAC A-3'), 
4FGC (5'-CGC CCG CCG CGC CCC GCG CCC 
GTC CCG CCG CCC CCG CCC GAA ATA ATA 
AAC ATT ATA AAG ATT CAG GCA ATG-3'), 
4RGC (5'-GAC AGT AAG ATA CAG TCT ATC- 
3'), 5.1FGC (5'-CGC CCG CCG CGC CCC GCG 
CCC GTC CCG CCG CCC CCG CCC GTT TTT 
TCT TAT TCT GAG GTT ATC-3'), 5.1RGC (5'- 
TCA TTA CAC CAG TTC GTC C-3'), 5.2FGC 
(5'-TCA TGT TGC AGC AAT TCA C-3'), 5.2RGC 
(5'CGC CCG CCG CGC CCC GCG CCC GTC 
CCG CCG CCC CCG CCC GGAA GAG GAA 
AGG AAA AAC ATC-3'), 6FGC (5'-GCG CGT 
TTC AAT TTG GCT TCT CTT T-3'), 6RGC (5'- 
CGC CCG CCG CGC CCC GCG CCC GGC CCG 
CCG CCC CCG CCC GAA ATA ATA AAT AAG 
AAA ACT GTT CCA ATA C-3'), 7FGC (5'-CGT 
CCC GCA ATA CTG GTA TGT ATT TAA C-3'), 
7RGC (5'-CGC CCG CCG CGC CCC GCG CCC 
GGC CCG CCG CCC CCG CCC GGA TAT TTC 
TCC CAA TGA AAG-3'), 8FGC (5'-CGG TTT 
CAC TTT TGG GTA AAT A-3'), 8RGC (5'-CGC 
CCG CCG CGC CCC GCG CCC GTC CCG CCG 
CCC CCG CCC GAC CCC CAC AAA ATG TTT 
AAT-3'), 9FGC (5'-CGC CCG CCG CGC CCC 
GCG CCC GGC CCG CCG CCC CCG CCC GTC 
ACT AAA TAG TTT AAG ATG-3'), and 9RGC 
(5'-TTC ATT CTC TGG ATC AGA GT-3'). Since 
each sense primer had a 30- to 45-base-pair GC 
clamp at its 5' end (e.g., primer 1RGC), each am- 

plicon (PCR product) included a domain with a 
lower melting temperature (the sequence to be ana- 
lyzed for mutations) and a domain with a higher 
melting temperature (the GC clamp). 

Detection and Sequence Analysis of 
PTEN Mutations 

Denaturing gradient gel electrophoresis (DGGE) 
separates amplicons on the basis of melting tempera- 
ture, which varies with nucleotide composition. We 
used a 10% polyacrylamide gel containing 5% glyc- 
erol and a linear 15%-50% urea-formamide gradi- 
ent, which simulates a temperature gradient, and 
subjected our samples to electrophoresis at 100 V 
for 16 hours at 60 °C (27). Under these conditions, a 
double-stranded PCR product moves through the gel 
until it reaches the level corresponding to the melt- 
ing temperature of its lower melting domain, where- 
upon that domain melts instantly. Since the high- 
melting GC clamp holds the amplicon together, 
migration ceases. PCR products of mutant DNAs 
exhibit altered migration during DGGE and usually 
appear as doublets of mutant PTEN products ad- 
mixed with wild-type DNA that was contributed by 
contaminating normal tissues or the companion allele. 

PCR products were visualized by UV transillumi- 
nation of ethidium bromide-stained gels. DNA was 
isolated from bands identified as aberrant and was 
further amplified, and a nested sequencing primer 
was used to generate fluorescence-labeled sequenc- 
ing products that were analyzed on a semiautomated 
DNA sequencer (ABI377; Perkin-Elmer Corp., Nor- 
walk, CT) as described previously (6). DGGE gels 
and sequencing chromatograms were independently 
read by J. B. Kum, C. Eng, and J. T. Fitzgerald or G. 
L. Mutter. 

Analysis of Loss of Heterozygosity 

DNA from carcinoma and adjacent normal myo- 
metrium was amplified in the presence of 
[a-32P]thymidine 5'-triphosphate with primers that 
define D10S541 and D10S215 (MapPairs; Research 
Genetics, Huntsville, AL), which are polymorphic 
microsatellite loci at the 3' and 5' ends, respectively, 
of PTEN. PCR products of these polymorphic mic- 
rosatellites were separated on nondenaturing poly- 
acrylamide gels (28,29). The intensities of bands 
representing PCR products of tumor alleles were vi- 
sually compared with those on a reference set of 
calibrated autoradiographs (30) of normal myome- 
trium and scored as positive for loss of heterozygos- 
ity (LOH) when there was at least a 50% reduction 
in the intensity of the band corresponding to one allele. 

Immunohistochemistry 

Monoclonal antibody 6H2.1, raised against a 100- 
amino acid oligopeptide identical to the C-terminal 
end of human PTEN protein (31), was used in all of 
the immunocytochemical analyses. Specificity has 
been demonstrated previously by western blot analy- 
sis of wild-type and PTEN-null cell lines (31). Fur- 
thermore, when the PTEN-specific antibody was in- 
cubated with competing synthetic PTEN peptide 
(the native antigen) and used to immunostain paraf- 
fin-embedded sections of known PTEN-expressing 
tissues, no immunostaining was observed (31). 

Since PTEN immunohistochemistry by use of the 
6H2.1 antibody requires freshly cut paraffin sections 
from recently embedded (within 6-12 months) tis- 
sues to maximize the signal, we used our second 
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series of endometrial tissue samples, which met this 
requirement, for immunohistochemistry. Formalin- 
fixed tissue samples were embedded in paraffin by 
standard histologic procedures. Immunostaining was 
performed by use of a microwave antigen-retrieval 
protocol as described previously (31). Sections were 
incubated with monoclonal antibody 6H2.1 (dilution 
1 : 100 in phosphate buffer) for 1 hour at room tem- 
perature, washed, and incubated with a secondary 
biotinylated horse anti-mouse immunoglobulin G 
(Vecstatin ABC kit; Vector Laboratories, Inc., Bur- 
lingame, CA). PTEN expression, as reflected by im- 
munostaining, was detected by sequential addition 
of avidin peroxidase (Vector Laboratories. Inc.) and 
3,3'-diaminobenzidine (Sigma Chemical Co.. St. 
Louis, MO), which gives a brown reaction product. 
The intensity of the epithelial staining was scored 
(by G. L. Mutter and J. T. Fitzgerald) in methyl 
green-counterstained slides from 0 (absent) to 3 (in- 
tense). Endometrial stroma and/or normal endome- 
trial epithelium provided an internal positive con- 
trol, and negative controls without addition of 
primary antibody showed low background staining 
in all cases. 

Statistical Analysis 

Fisher's exact tests were performed by use of 
SYSTAT v. 9.0 (Statistical Package for Social Sci- 
ences, Chicago, IL). All P values arc two-sided. 

RESULTS 

To determine the earliest stage of en- 
dometrial neoplasia in which PTEN mu- 

tation occurs, we examined 30 hysterec- 
tomy specimens containing endometrioid 
endometrial adenocarcinomas as well as 
coexisting computerized morphometry- 
diagnosed benign or premalignant endo- 
metrial tissue for the presence of muta- 
tions. Somatic (occurring in tumor only) 
PTEN mutations were found in 25 (83%) 
of 30 endometrial cancers and in 16 
(55%) of 29 precancers (Table 1). Fish- 
er's exact test of diagnosis (endometrioid 
cancer versus precancer) by PTEN muta- 
tion (present versus absent) showed that 
cancers had a statistically significant (P 
= .025) increased number of PTEN mu- 
tations compared with their precursors. 

None of the 10 samples of normal en- 
dometria that we examined showed mu- 
tations in PTEN. It is interesting that, 
among both cancers and precancers, the 
majority (73% [22 of 30] and 52% [15 of 
29], respectively) harbored a mutation in 
only one exon, but intragenic mutations 
affecting at least two exons were also ob- 
served (Table 1). Fig. 1 shows the number 
of mutant PTEN exons in 39 nonmalig- 
nant tissues that were clearly segregated, 
by computerized morphometric analysis, 
into the precancerous (EIN) (D score <0) 
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Fig. 1. PTEN mutation and lesion classification by 
computerized morphometry. Thirty-nine nonmalig- 
nant tissues were classified as precancerous or be- 
nign on the basis of computerized morphometric D 
scores, as defined in the text (12,23). Each circle 
shows the D score and the number of mutant PTEN 
exons detected in a single tissue sample. Symbols 
are slightly randomly jittered to improve visibility of 
overlapping symbols. 

or benign (D score >1) groups and shows 
how the D scores of mutations in the two 
groups are distributed. 

We found three mutations deep within 

Table 1. Number of PTEN mutations and immunohistochemical assessment of PTEN protein expression in endometrial tissue samples 

PTEN mutations* PTEN protein expression} 

No. of 

No. (%) of PTEN mutations 

No. of 

Immunohistochen 
of staining 

ical assessment 
No. (%) 

Mutations in 
Endometrial tissue diagnosis samples Any mutation s=2 exons samples Absent Mild Moderate Intense 

Endometrioid cancer 30 25 3 33 20 4 8 1 
(83) (10) (61) (12) (24) (3) 

Precancer (EIN)} 29 16 
(55) 

1 
(3) 

12 9 
(75) 

1 
(8) 

2 
(17) 

0 

Indeterminate§ ND ND ND 9 5 
(56) 

1 
(11) 

3 
(33) 

0 

Unopposed estrogen effect|| ND ND ND 7 2 
(29) 

0 2 
(29) 

3 
(43) 

Normall 10 0 0 20# 1 
(5) 

9 
(45) 

9 
(45) 

1 
(5) 

Nonendometrioid cancer ND ND ND 8** 2 
(25) 

2 
(25) 

2 
(25) 

2 
(25) 

*Genomic DNA from 30 hysterectomy specimens containing endometrioid endometrial adenocarcinoma and premalignant lesions ("precancers") was amplified 
by the polymerase chain reaction by use of primers for nine PTEN exon mutations, and mutations detected by denaturing gradient gel elcctrophorcsis were confirmed 
by direct sequencing. One precancer area failed to amplify, and PTEN mutations were also analyzed in an additional 10 regions of histologically normal endomctrium 
in these same hysterectomy specimens. ND = no data. 

tFormalin-fixed endometrial tissues from 54 patients (34 hysterectomy specimens and 20 curetting/biopsy specimens) were embedded in paraffin and imuno- 
stained with antibody 6H2.1, which detects PTEN protein, and the epithelial/glandular cells were scored. 

^Diagnosed as precancerous (D [defined in text] <0) by computerized morphometry. All samples were independently confirmed as endometrial intracpithelial 
neoplasia (EIN) by the pathologist (G. L. Mutter). 

§Diagnosed as indeterminate (0=SD=£l) by computerized morphometry. Diagnosed as EIN (six of nine), unopposed estrogen (one of nine), secretory endomctrium 
(one of nine), or unknown (one of nine) by the pathologist (G. L. Mutter). 

IpDiagnosed as benign (D>1) by computerized morphometry. with stigmata of unopposed estrogen. 
fDiagnosed as benign by computerized morphometry; included atrophic. inactive, or cycling endomctrium. 
#Unstained glands were always admixed with stained glands. One severely atrophic endomctrium contained no discernible PTEN protein. 
**Two undifferentiated carcinomas, four papillary serous carcinomas, and two malignant mixed Mullerian tumors. 
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introns, but they are not included in the 
data shown in Table 1 or in Fig. 1 because 
they are unlikely to have any functional 
impact. A detailed listing of mutations 
found is available at www.jnci.oupjour- 
nals.org/content/vol92/issuel 1/. 

PCR-based analysis to determine LOH 
of markers within or flanking PTEN was 
performed on the series of 30 endometrial 
carcinoma samples shown in Table 1. 
Overall, the LOH frequency was 23% 
(seven of 30) (data not shown), and all 
samples with LOH had PTEN mutations 
in the remaining allele, indicating inacti- 
vation of both PTEN alleles. Attempts to 
perform LOH analysis on precancers 
were confounded by the presence of con- 
taminating normal stromal tissue. 

The number of genetically altered 
PTEN alleles within individual endome- 
trial adenocarcinomas can be estimated 
by combining deletion (LOH) and muta- 
tion (DGGE, Table 1) data. Ten (33%) of 
30 endometrioid carcinomas had homozy- 
gous PTEN inactivation (seven with LOH 
of one allele and mutation of the second 
allele and three with mutations in two or 
more PTEN exons), and another 50% (15 
of 30) had hemizygous PTEN genomic 
lesions (DGGE-detected mutation in one 
allele only, without LOH of second allele). 

Probable biallelic inactivation of 
PTEN is reflected in lack of PTEN pro- 
tein expression, which can be assessed by 
immunohistochemistry. Fig. 2 shows im- 
munohistochemical detection of PTEN 
protein (brown precipitate) by antibody 
6H2.1 in areas of endometrial adenocar- 
cinoma, endometrial precancer, and be- 
nign endometrium. Although all of the tis- 
sue samples shown in Fig. 2 are from one 
patient, it illustrates the salient PTEN im- 
munohistochemical findings that are typi- 
cal of malignant, premalignant, and estro- 
gen-driven endometria from the 81 
(excluding nonendometrioid cancers) en- 
dometrial tissue samples that we have ex- 
amined. The carcinoma in Fig. 2, A, is 
devoid of PTEN staining, but adjacent en- 
dometrial stromal cells and vascular en- 
dothelium contain cytoplasmic and 
nuclear PTEN protein. A zone of precan- 
cerous glands devoid of PTEN protein 
(Fig. 2, B; upper left) contrasts with abun- 
dant stromal staining and an adjacent re- 
gion of normal endometrial glands (Fig. 
2, B; lower right) that show both nuclear 
and cytoplasmic PTEN staining. The 
high-magnification views (Fig. 2, C and 
E) of the upper-right corner of Fig. 2, B, 
show the interface between PTEN- 
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Fig. 2. PTEN protein in endometrial cancer and precancerous endometrial intraepithelial neoplasia. Immu- 
nohistochemical staining (brown) of PTEN protein with antibody 6H2.1 in A) endometrial adenocarcinoma; 
B) a geographic zone of precancerous glands (upper half and left) contrasting with an adjacent region of 
normal endometrial glands (lower right); C) higher power view of upper right region of panel B; and E) 
transition from PTEN-expressing to nonexpressing epithelium within an individual gland. Companion he- 
matoxylin-eosin-stained serial sections of panels C and E are shown in panels D and F, respectively. Scale 
bar is 100 |xm. 

negative (precancerous) and PTEN- 
positive (benign) glands, including one 
transition within an individual gland (Fig. 
2, E). Companion hematoxylin-eosin- 
stained sections (Fig. 2, D and F) are the 
equivalent of those immunostained with 
anti-PTEN antibody and show the histo- 
logic structure of the tissues. 

Whereas most unopposed estrogen- 
exposed endometria showed ubiquitous 
epithelial PTEN protein expression, 29% 
(two of seven) had a background of PTEN 
protein-positive glands punctuated by 
scattered negative glands. Fig. 3 shows 
endometria with heterogeneous PTEN 
protein expression. It demonstrates scat- 
tered PTEN-negative glands that are in- 
terposed among PTEN-expressing glands 
to present an interrupted pattern that is 
different from the geographic distribution 
within the (monoclonal) readily diag- 
nosed precancers shown in Fig. 2. This 

intermittent pattern was seen at a variety 
of gland densities, ranging from the 
closely packed architecture characteristic 
of precancers defined by computerized 
morphometry (Fig. 3, A-C) to the low 
densities of a disordered proliferative en- 
dometrium (unopposed estrogen effect) 
(Figs. 3, D-F). The cytology of PTEN- 
nonexpressing glands may be similar to 
(Fig. 3, B and C) or different from (Fig. 3, 
E, versus Fig. 3, F) that of surrounding 
expressing glands. Panels G and H of Fig. 
3 show a persistent estrogen-exposed en- 
dometrium characterized by cysts, which 
retains epithelial and stromal PTEN ex- 
pression. Most areas of tubal change in 
estrogen-driven, disordered proliferative 
endometrium continue to express PTEN 
protein. Companion hematoxylin-eosin- 
stained sections (Fig. 3, C and F) are the 
equivalent of those in Fig. 2. 

Six diagnostic classes of endometrial 
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Fig. 3. PTEN protein heterogeneity in precancers and endometria with unopposed estrogen effect. Iinmu- 
nohistochemical staining (brown) of PTEN protein with antibody 6H2.1 of A) closely packed glands 
characteristic of precancers defined by computerized morphomctry (isolated glands are PTEN negative): B) 
higher power view of panel A; D) disordered proliferative endometrium (unopposed estrogen effect) with 
scattered PTEN-negative glands; E) higher power view of panel D: G) persistent estrogen-exposed endo- 
metrium characterized by cysts, retaining epithelial and stromal PTEN expression throughout; and H) higher 
power view of panel G. Companion hematoxylin-eosin-stained serial sections of panels B and E arc shown 
in panels C and F, respectively. Scale bar is 100 u.m. 

tissue samples were assessed by immuno- 
histochemistry for PTEN protein expres- 
sion (Table 1). Of all the endometrioid 
endometrial cancers tested, 97% (32 of 
33) showed either complete absence of or 
reduced PTEN protein expression. PTEN 
protein expression was absent from endo- 
metrioid endometrial adenocarcinomas 
more frequently (20 [61%] of 33 samples) 
than it was absent from nonendometrioid 
carcinomas (two [25%] of eight samples). 
Because of the small sample size, how- 

ever, the difference in PTEN expression 
(absent versus present at any intensity) as 
a function of tumor type (endometrioid 
versus nonendometrioid) was not statisti- 
cally significant (P = .115). 

Of nine computerized morphometry- 
defined indeterminate endometrial samples, 
five (56%) showed no PTEN protein ex- 
pression. Of 20 morphometrically diag- 
nosed normal tissues, only one had no 
PTEN expression. This was an atrophic 
endometrium. 

Both adjacent endometrial stroma and 
endothelial cells of blood vessels in im- 
mediate proximity to the tumor were 
moderately PTEN protein positive. (Fig. 
2, A, is a typical example.) Precancerous 
(EIN) lesions had no discernible PTEN 
protein expression in 75% (nine of 12) of 
the examples, most commonly in closely 
packed expanses of PTEN-negative 
glands offset by dispersed benign glands 
having a different cytology. (Panels B and 
C in Fig. 2 are examples.) A less frequent 
pattern of heterogeneous PTEN staining 
was seen in some "transitional" benign- 
precancer examples without Cytologie 
changes (Fig. 3, A-C). No statistically 
significant difference in PTEN protein ex- 
pression (absent versus present at any in- 
tensity) as a function of diagnosis (cancer 
versus EIN) was observed (P = .491), 
although the small sample size (33 can- 
cers and 12 EIN lesions) limits the power 
of this comparison. 

DISCUSSION 

Based on the current results, it is clear 
that loss of PTEN function begins in the 
earliest stages of endometrial tumorigen- 
esis, under conditions of unopposed estro- 
gen exposure that have long been known 
(11,32,33) to increase cancer risk. We 
have found some endometria with pro- 
tracted estrogen stimulation unopposed 
by progestins in which individual glands 
have already ceased production of PTEN 
protein. Contiguous expanses of tightly 
packed glands may also be PTEN nega- 
tive; these are precancerous lesions that 
have been shown previously to be mono- 
clonal (24). Our results showed that the 
PTEN mutation rate in precancers diag- 
nosed by computerized morphometry, 
which predict a high likelihood of coex- 
isting or future endometrial carcinoma 
(12,23), is 55%; that the PTEN mutation 
rate in endometrioid cancers is 83%; and 
that the difference is statistically signifi- 
cant. Thus, PTEN inactivation occurs dur- 
ing the initiation of precancers from a 
normal background state, and additional 
PTEN damage accumulates in the transi- 
tion from premalignant to malignant dis- 
ease. Thus, immunohistochemically de- 
tected loss of PTEN expression is an 
informative biomarker for endometrial 
neoplasia, including precancerous lesions. 

Loss of PTEN protein in nests of 
crowded endometrial glands follows the 
predictions of monoclonal growth 
(14,34), namely, that all cells in the lesion 
share the same PTEN status. Precancer 
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diagnosis by use of computerized mor- 
phometric analysis requires histologic 
sections with crowded groups of endome- 
trial glands over a field of several square 
millimeters. It is these clusters of crowded 
glands that correspond to premalignant le- 
sions usually diagnosed by pathologists as 
atypical endometrial hyperplasias and 
which we have designated as EIN by use 
of morphometry. In practice, diagnosis of 
endometrial precancers by use of hyper- 
plasia (16) terminology is only modestly 
reproducible (17,18,35), especially for 
nonatypical hyperplasias, a category con- 
taining monoclonal putative precancers 
and polyclonal benign tissues. Computer- 
ized morphometry, however, appropri- 
ately classifies "nonatypical" hyperpla- 
sias into high- and low-risk subgroups 
(24). Fig. 1 shows that mutations in the 
computerized morphometry-defined high- 
risk group (D<0, precancerous) are evenly 
distributed across a rather broad range of 
D scores and are not clustered at some 
extreme negative D score distant from the 
threshold of 0. This validates the idea that 
all endometrial specimens with a D score 
below 0 have a high likelihood of having 
a PTEN mutation. 

More troublesome to diagnose are le- 
sions with histologic features intermedi- 
ate between benign and precancerous, as 
represented by the "indeterminate" cat- 
egory in Table 1. It is this group of pa- 
tients in whom PTEN immunohistochem- 
istry may elucidate clonal loss of PTEN 
expression among a strongly PTEN- 
positive background of convoluted and 
"busy" glands. Immunohistochemical 
identification of individual isolated 
PTEN-negative endometrial glands in en- 
dometria with unopposed estrogen expo- 
sure pushes the limits of detection of pre- 
cancers to an earlier stage of development 
than was previously possible. The natural 
history of individual PTEN-negative 
glands has not yet been determined ex- 
perimentally, but a rich epidemiologic lit- 
erature (32,33) showing a 3.1- to 7.3-fold 
increased risk of endometrial adenocarci- 
noma in women exposed to unopposed 
estrogens is consistent with the notion 
that, in some women, these single glands 
may progressively expand into histologi- 
cally recognizable premalignant, and ulti- 
mately malignant, processes. 

Suppression of PTEN expression in a 
mitotically active estrogenic environment 
(unopposed by progestins) may compro- 
mise growth control more than loss of 
PTEN protein in mitotically quiescent 

cells. Highly mitotic cells, such as normal 
estrogen-stimulated proliferative endome- 
trial glands, contain abundant PTEN pro- 
tein. Progesterone, which is known to pre- 
vent many of the tumorigenic effects of 
estrogens, diminishes in vivo endometrial 
epithelial PTEN protein expression over a 
period of 4-5 days, to a point where it is 
no longer detected in the glands of mid- 
secretory endometrium (data not shown). 
If these fluctuations in PTEN protein are 
indeed driven by changing physiologic re- 
quirements for the protein, then it is rea- 
sonable to predict that the reduced ability 
to make PTEN protein has a greater effect 
under estrogenic than under progestenic 
conditions. 

PTEN inactivation (loss of protein) in 
endometrioid adenocarcinomas and in 
several other tumor types cannot be ex- 
plained solely on the basis of observed 
mutations. This observation suggests that 
expression of PTEN is repressed at the 
transcriptional and translational levels by 
other mechanisms. Fewer than 30% of he- 
matologic malignancies have a structural 
PTEN alteration, but 70% are PTEN 
negative as judged by western blot analy- 
sis (36). Forty percent of breast cancers 
are PTEN genetic hemizygotes, and fewer 
than 5% of cases have biallelic PTEN ge- 
nomic lesions, yet 15% are devoid of pro- 
tein that is detectable by immunohisto- 
chemistry (31). In this study, inactivation 
of both PTEN alleles, as a result of either 
a mutation or a deletion (LOH), was ob- 
served in only 33% of endometrial can- 
cers, but 61% of those cancers did not 
express PTEN protein. More frequent is a 
hemizygous PTEN genotype in 50% of 
endometrial cancer cases. Candidate 
mechanisms for inactivation of the second 
allele include (undetected) mutation in 
regulatory regions, epigenetic modifica- 
tion of flanking DNA sequences (e.g., by 
methylation), or decreased translation. In- 
creased protein degradation in a hemizy- 
gous state could also give negative PTEN 
immunohistochemistry results that would 
be indistinguishable from biallelic inacti- 
vation. 

The PTEN mutation rate of 83% that 
we observed in our series of endometrial 
adenocarcinomas is about double that of 
most previous reports (1,2,19,20), prob- 
ably because of the combined effects of 
our mutation-detection and sample- 
selection methods. The DGGE-screening 
method is very sensitive in PTEN muta- 
tion detection compared with the single- 
strand conformational polymorphism 

analysis, and its specificity has been con- 
firmed by direct sequencing of DGGE- 
identified mutations (27). DGGE can de- 
tect variants, even at mutant-to-normal 
allele ratios of 1:100, while sequencing 
requires this ratio to be at least 35:100 
[reviewed in (37)]. 

The tissue samples that we used for 
mutational analysis were selected for the 
presence of both malignant and premalig- 
nant endometrial tissues at the time of 
hysterectomy, thereby enriching the study 
population for those tumors that develop 
through a hierarchy of progressive events. 
Endometrioid adenocarcinoma and its 
precursors have severalfold higher PTEN 
mutation rates than those malignant tumors 
(nonendometrioid, including papillary se- 
rous type) that arise abruptly without dis- 
playing an intermediate premalignant 
phase. It is unlikely that the balance of 
microsatellite-stable and microsatellite- 
unstable tumors can explain the high 
PTEN mutation rate that we observed, 
since both had similar PTEN mutation 
rates in our series. 

The mechanism of diminished PTEN 
protein expression was indirectly ad- 
dressed in our study, in which, for tech- 
nical reasons, genomic and protein ex- 
pression PTEN analyses were carried out 
on independent tissue series. Our ability 
to relate changes, in PTEN expression to 
causal genomic events is thus inferential 
and limited by our sample size. Simulta- 
neous scoring of PTEN mutation and de- 
letion against expression in individual tis- 
sues would determine whether these 
mechanisms alone can explain the major- 
ity of lost PTEN expression. One advan- 
tage of using this particular series of tis- 
sue samples for PTEN mutational 
analysis is that it was subjected previ- 
ously to a number of specialized analyses. 
Of the 30 cancers analyzed, 10 were mi- 
crosatellite unstable and 20 were micro- 
satellite stable (14,15,24), with PTEN 
mutation rates of 90% (nine of 10) and 
80% (16 of 20), respectively. In 29 pre- 
cancers, 57% (12 of 21) of microsatellite- 
stable and 50% (four of eight) of micro- 
satellite-unstable (14,15,24) lesions had at 
least one PTEN mutation. KRAS muta- 
tions (13) were observed in 21% (six of 
29) of the cancers, and all (six of six) of 
these also had PTEN mutations in at least 
one exon. 

Our observations have demonstrated 
that complete inactivation of PTEN oc- 
curs in the great majority of endometrial 
carcinomas, especially those of the endo- 
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metrioid subtype, and even in half of all 
precancers (EIN). Nearly all (97%) of the 
endometrial cancer tissue samples that we 
tested had either complete absence of 
PTEN protein expression or reduced ex- 
pression of PTEN protein (Table 1). In- 
activation could be a result of structural 
changes (mutation or LOH) or epigenetic 
modification of the PTEN gene itself or 
its regulatory elements. Although rela- 
tively few endometrial carcinomas had bi- 
allelic structural alterations (either two or 
more PTEN mutations affecting both al- 
leles or PTEN mutation in one allele and 
LOH of the other), we found complete 
loss of PTEN protein expression in 61% 
(20 of 33) (Table 1). Although the distri- 
bution of multiple exonic hits between 
one or two alleles is unknown, the number 
of PTEN exons affected by mutation pro- 
vides some indication of that fraction of 
cases that are candidates for biallelic mu- 
tational inactivation. 

Morphometrically defined precancers 
are usually diagnosed as atypical endome- 
trial hyperplasias. It is, therefore, of inter- 
est to note that, among computerized mor- 
phometrically diagnosed precancers in 
which approximately half had PTEN mu- 
tations, three quarters displayed complete 
absence of PTEN protein (Table 1). Al- 
though only nine computerized mor- 
phometry-defined indeterminate endome- 
trial samples were available for analysis, 
more than half (56%) showed no PTEN 
protein expression. In contrast, only one 
of 20 morphometrically diagnosed normal 
tissues did not express PTEN protein. 

PTEN is a major gene involved in the 
pathogenesis of endometrioid endometrial 
adenocarcinoma. Our data suggest that al- 
tered PTEN function is partly responsible 
for the etiology of the majority of endo- 
metrial cancers with a premalignant phase 
and participates in their progression to 
carcinoma. Thus, decreased PTEN ex- 
pression or function is a marker of the 
earliest endometrial precancers, and we 
propose that use of PTEN immunostain- 
ing in a clinical setting may be informa- 
tive in identifying premalignant lesions 
that are likely to progress to carcinoma. 
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1998-2001      Department of Defence US Army Breast Cancer Research Program PI 
Genetics of PTEN in different forms of hereditary breast cancer 

1998-2001      American Cancer Society (National) Research Project Grant PI 
Genetics of PTEN in Cowden syndrome and sporadic breast cancer 

1999-2000      Ohio State University Comprehensive Cancer Center Seed Grant co-PI 
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Epidemiology of PTEN in prostate cancer 

1999-2000      Ohio State University Comprehensive Cancer Center Seed Grant co-PI 
Genetics and biology of malignant melanoma 

1999-2002      National Institutes of Health Workstatement (RFP) 
A phase 2 study of a selective estrogen receptor modulator (LY353381) vs. Tamoxifen 
vs. placebo in premenopausal women with an increased risk for breast cancer 

1999-2001      Mary Kay Ash Charitable Foundation Grant PI 
Genetic and functional analysis of PPAR-gamma as a novel tumor suppressor locus in 
sporadic breast carcinoma 

2000-2003      Department of Defense US Army Breast Cancer Research Program PI 
A novel phosphatase gene on 10q23, MINPP, in hereditary and sporadic breast cancer 

2000-2002      Susan G. Komen Breast Cancer Research Foundation PI 
Dissecting out the bifurcation of lipid and protein phosphatase activities in PTEN- 
mediated growth arrest in a breast cancer model 
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B. Report of Teaching 

Local Contributions 

Medical School / School of Public Health 

1985 Medical Genetics, Teaching Assistant for 100-110 second year medical 
students, University of Chicago Pritzker School of Medicine (Contact 5 hr/wk, 
Prep 5 hr/wk) 

1996-98 Molecular Epidemiology, Guest Lecturer for 30-50 medical, dental and 
graduate students, medical fellows and instructors, Harvard School of Public 
Health (Contact 1-2 hr, Prep 2 hr) 

1997 HMS211A Graduate Course in Biochemistry and Cell Biology, invited lecture 
on inherited cancer syndromes for 20 graduate, dental and medical students, 
Harvard Medical School, Boston: (Contact 1.5 hr, Prep 2 hr) 

1998 Harvard Medical School Course in Genetics, Embryology and Reproduction, 
Tutor for group of 7-10 medical students (Contact 40 hr, Prep 20 hr) 

Graduate Medical Course/Seminar/Invited Teaching Presentation 
1991 Grand Rounds, Beth Israel Hospital, Boston: Causes of late mortality in 

retinoblastoma patients, invited speaker (Contact 20 min, Prep 3 hr) 
1994 Department of Medicine Seminar Series, University of Cambridge School of 

Clinical Medicine: The many faces of RET, invited lecture for 50 housestaff 
and faculty of the Clinical School (Contact 1 hr, Prep 2 hr) 

1996 Seminars in Medicine of the Beth Israel Hospital: From bench to bedside: the 
ÄisTproto-oncogene in multiple endocrine neoplasia, invited lecture for 30-60 
faculty and trainees from the Boston area (Contact 1.5 hr, Prep 3 hr) 

1996 Harvard Medical School Department of Genetics Seminar: The poly genie 
etiology of Hirschsprung disease, invited speaker for 20-25 clinical genetics 
fellows, postdoctoral fellows and genetics faculty (Contact 1 hr, Prep 2 hr) 

1997 Brigham and Women's Hospital Specialty Lecture for Medical Housestaff: 
Genetics of endocrine tumors, invited speaker for 50-60 medical housestaff 
(Contact 1 hr, Prep 1 hr) 

1997 Massachusetts Cancer Center Seminar, Charlestown, MA: RET, GDNF and 
GDNFR-cc in MEN 2, invited speaker for 30-50 Pis, postdoctoral fellows and 
graduate students (Contact 1.5 hr, Prep 2 hr) 

1997 GI Grand Rounds, Massachusetts General Hospital: Molecular genetics of 
Hirschsprung disease for 15-25 GI fellows and faculty (Contact 1 hr, Prep 2 
hr) 

1997 Women's Cancer Program, Dana-Farber Partners Cancer Center, Boston: 
Identification of the Cowden syndrome susceptibility gene, invited speaker for 
20-30 multidisciplinary faculty, clinical fellows, housestaff, postdoctoral 
fellows, graduate students (Contact 1 hr, Prep 1 hr) 

1997 Breast Center Basic Biology Seminar, Dana-Farber Partners Cancer Center, 
Boston: Identification of the Cowden syndrome gene, a multipurpose gene 
which predisposes to breast and thyroid cancers, invited speaker for 40-60 
multidisciplinary faculty, fellows and housestaff (Contact 1 hr, Prep 1 hr) 

1997 Harvard-Longwood Seminars in the Genetics of Cancer and Aging, Boston: 
PTENIn inherited hamartoma-cancer syndromes: one gene-many syndromes? 
Invited speaker for 50-70 clinical and basic science faculty, postdoctoral 
fellows, clinical fellows, and graduate students from the Harvard Longwood 
area (Contact 1 hr, Prep 1 hr) 
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1997 Massachusetts General Hospital Cancer Center Grand Rounds, Boston: PTEN 
in Cowden syndrome and sporadic breast and thyroid cancers, inivted speaker 
for 30 clinical and basic science faculty, clinical fellows and residents (Contact 
1 hr, Prep 1 hr) 

1999 Ohio State University Human Cancer Genetics Program Seminar, Columbus, 
OH: PTEN and the great imitator: Cowden syndrome; invited speaker for 60 
faculty, staff and trainees of the Program (Contact 1 hr, Prep 1 hr) 

1999 Ohio State University Comprehensive Cancer Center Grand Rounds, 
Columbus, OH: RET gene testing in multiple endocrine neoplasia: Paradigm 
for the practice of molecular oncology; invited speaker for >100 faculty, 
fellows, medicine housestaff and medical students (Contact 1 hr, Prep 30 min) 

2000 Ohio State University Department of Internal Medicine Didactic Lecture for 
Housestaff, Columbus, OH: Clinical Cancer Genetics 101: when to make that 
referral for 50 internal medicine housestaff (Contact 45 min, Prep 45 min) 

2000 Department of Molecular Virology, Immunology and Medical Genetics, Ohio 
State University Seminar: Role of PTEN in hereditary and sporadic breast 
cancer for 50 faculty, postdoctoral fellows and graduate students (Contact 1 hr, 
Prep 30 min) 

2000 Department of Veterinary Biosciences, Ohio State University Seminar: Genetic 
and epigenetic alterations of PTEN in sporadic neoplasia for 50 faculty, 
postdoctoral fellows, residents and graduate students (Contact 1 hr, Prep 1 hr) 

2000 Department of Internal Medicine Grand Rounds, Ohio State University: The 
yin and yang of genetic testing: practice of molecular oncology in the 21st 

century for 150-200 faculty, fellows, housestaff and medical students (Contact 
1 hr, Prep 1 hr) 

2000 Division of Hematology/Oncology Teaching Seminar, Ohio State University: 
Clinical Cancer Genetics 101 for 16 clinical fellows and 10 faculty (Contact 1 
hr, Prep 1 hr) 

Continuing Medical Education Course 
1997 Cancer Genetics for Office Practice: Genetics of thyroid cancer in everyday 

practice, faculty (Contact 3 hr, Prep 1 hr) 
1997 American College of Surgeons, Massachusetts Chapter, Waltham: Genetics of 

colorectal tumors, faculty (Contact 2 hr, prep 1 hr) 
1999- Massachusetts Eye and Ear Infirmary and Harvard Medical School Course on 

Thyroid and Parathyroid Tumors: RET and medullary thyroid carcinoma, 
faculty (Contact 30 min, prep 20 min) 

2000 Hereditary Cancer Syndromes: Are your patients at risk? Genetic technologies 
and risk management in the new millenium, City of Hope National Medical 
Center, Duarte, CA: Multiple endocrine neoplasia and Cowden syndrome, 
faculty for -180 practising physicians, nurses and genetic counselors (Contact 
7 hr, prep 3 hr) 

2000 Approaches to Treating Breast Cancer. State of the Art in 2000, Columbus, 
OH: What's new in the understanding of genes which predispose to breast 
cancer risk, faculty for 250 practising physicians, oncology fellows and nurses 
(Contact 2 hr, prep 1 hr) 

Advisory and Supervisory Responsibilities 
1988-89 Teaching and supervision of Harvard medical students during clinical 

clerkship, Beth Israel Hospital, 1 medical student per rotation (200 hr/yr) 
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1989-91 Teaching and supervision of Harvard medical students during clinical clerkship 
and medical interns, Beth Israel Hospital, 2-4 interns +/-1 medical student per 
rotation (200 hr/yr) 

1991-92 Teaching and supervision of medical students, and medical housestaff from 
Brigham and Women's Hospital and Beth Israel Hospital, 3-8 housestaff +/-1 
medical student per month (500 hr/yr) 

1993-95 Teaching and supervision of technicians, students and junior postdoctoral 
fellows, CRC Human Cancer Genetics Research Group, Department of 
Pathology, University of Cambridge, 2 technicians, 0-3 medical/graduate 
students and 0-1 junior postdoctoral fellow (20 hr/wk) 

1995- Teaching and supervision of postdoctoral fellows, students and technicians 
working in my laboratory, 2-6 postdoctoral fellows, 0-1 medical students, 0-1 
undergraduate students, 1-3 technicians (15 hr/wk) 

1996-98 Teaching and supervision of medical oncology and genetics fellows and 
genetics counsellors, Cancer Risk and Prevention Clinic, Dana-Farber Cancer 
Institute (3-5 hr/wk) 

1996-98 Clinic Attending for medical oncology fellows, Dana-Farber Cancer Institute, 
1-6 fellows per session (5-10 hr/mth) 

1999- Direction and administration of the Clinical Cancer Genetics Program, 
Comprehensive Cancer Center, Ohio State University: 1-2 MD attending 
clinical cancer geneticists, 0-1 oncology fellow, 0-1 medical resident, 3-5 
cancer genetics counselors, 1-2 research assistants, 1 data manager and 2 
executive support associates (20 hr/wk) 

Laboratory-Based Trainees 

Postdoctoral Trainees 

Debbie J. Marsh, PhD 1996-99 
Project: Genetics of Cowden syndrome and Bannayan-Riley-Ruvalcaba syndrome 
Current Position: Lecturer, Dept of Medicine, University of Sydney School of Medicine, Sydney, 

Australia 

Matthew H. Kulke, MD 1997-99 
Project: Molecular epidemiology and prognostic markers in sporadic gastrointestinal cancers 
Current Position: Instructor in Medicine, Dana-Farber Cancer Institute, Harvard Medical School, 

Boston, MA 

Patricia L.M. Dahia, MD, PhD 1997- 
Project: Somatic genetics and biochemical expression of PTENm sporadic tumors 
Current Position: Postdoctoral Senior Research Associate, Dana-Farber Cancer Institute and Harvard 

Medical School, Boston, MA; Instructor in Medicine, Harvard Medical School 

Oliver Gimm, MD 1997- 
Project: Genetics of neuroendocrine tumors 
Current Position: DFG Postdoctoral Researcher, Human Cancer Genetics Program, Ohio State 

University, Columbus, OH 

Aurel Perren, MD 1998 
Project: Immunocytochemistry of PTEN in sporadic tumors of the breast and thyroid 
Current Position: Resident in Pathology, University of Zürich School of Medicine, Zürich, 

Switzerland 
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Jen Jen Yeh, MD 1998-99 
Project: Somatic genetics of non-medullary thyroid carcinomas and the role of the mitochondrial 

genome 
Current Position: Senior Resident, Department of Surgery, Boston University Medical School, 

Boston, MA 

Liang-Ping Weng, MD, MS 1998- 
Project: Biochemistry and cell biology of PTEN in breast carcinogenesis 
Current Position: Research Scientist, Human Cancer Genetics Program, Ohio State University, 

Columbus, OH 

Xiao-Ping Zhou, MD, PhD 1998- 
Project: Genetics of central nervous system and neuroendocrine tumors 
Current Position: Postdoctoral Researcher, Human Cancer Genetics Program, Ohio State University, 

Columbus, OH 

Ravshan Burikhanov, PhD 1999-2000 
Project: Cell biology of RET, PTEN and PPARgamma in thyroid cancer models 
Current Position: Senior Scientist, Uzbek Institute for Medical Research, Uzbekistan 

Keisuke Kurose, MD, PhD 1999- 
Project: Genetics of PTEN and PPARgamma in women's cancers 
Current Position: Postdoctoral Researcher, Human Cancer Genetics Program, Ohio State University 

Columbus, OH 

Mary Armanios, MD 2000 
Project: Genetics of endocrine neoplasia and neuroendocrine disorders 
Current Position: Medicine-Pediatrics Resident, Ohio State University College of Medicine, 

Columbus, OH 

Margaret Ginn-Pease, PhD 2000- 
Project: Diploidy to haploidy for analysis of genetic and transcriptional mechanisms of inactivation of 

PCR-based PTEN mutation negative hereditary and sporadic breast cancer cases 
Current Position: Postdoctoral Researcher, Human Cancer Genetics Program, Ohio State University, 

Columbus, OH 

Alexander Niess, MD 2000- 
Project: Common low penetrance alleles in neuroendocrine tumors and neurocristopathies 
Current Position: Postdoctoral Researcher, Human Cancer Genetics Program, Ohio State University, 

Columbus, OH 

Student Trainees 
Antje Gössling 1996 
Project: Genetics of GDNF and GFRoc-1 in central nervous system tumors 
Degree obtained: MD 
Current Position: Resident in Clinical Genetics, Faculty of Medicine, University of Türbingen School 

of Medicine, Germany 

Eva-Maria Dürr 1998 
Project: Genetics of CUL2 and VBP-1 in phaeochromocytomas 
Degree obtained: MD 
Current Position: Resident in Neurology, University of Bonn School of Medicine, Germany 
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Ben Oatis 1999- 
Project: Low penetrance alleles in the genes encoding proteins complexing with RET 
Current Position: Junior undergraduate student, Department of Microbiology, Ohio State University, 

Columbus, OH 

Christopher Alvarez-Breckenridge     1999- 
Project: Genetics of sporadic solid tumors and the microenvironment 
Current Position: Senior student, St. Charles Preparatory School, Columbus, OH 

Students' Thesis Committees 
Isabelle Schuffenecker 
Degree obtained: Doctorat (PhD), 1997 
Thesis: Mutations germinales du gene RET associees aux neoplasies endocriniennes multiples de type 

2 
I'Universite Claude Bernard - Lyon I, Lyon, France 
Role: External research advisor (1996-97) and Rapporteur (external examiner) [Gilbert Lenoir, DVM, 

PhD, Advisor and Chair] 
Current Position: Postdoctoral Fellow, Molecular Virology, I'Universite Claude Bernard - Lyon I, 

Lyon, France 

Filip Farnebo, MD 
Degree obtained: PhD, 1998 
Thesis: Molecular mechanisms of tumor development in hyperparathyroidism 
Karolinska Institute, Stockholm, Sweden 
Role: Faculty Opponent (External examiner) [Catharina Larsson, MD, PhD, Advisor] 
Current Position: Research Associate, Boston Children's Hospital and Harvard Medical School, 

Boston, MA 

Pär-Johan Svensson, MD 
Degree obtained: PhD, 1999 
Thesis: Molecular studies on Hirschsprung disease and "Ondine's curse" 
Karolinska Institute, Stockholm, Sweden 
Role: External research advisor (1994-99) [Agnetha Nordenskjöld, MD, PhD, and Maria Amvret, 

PhD, Advisors] 
Current Position: Pediatric Surgery Resident, Karolinska Hospital, Stockholm, Sweden 

Ying Huang 1999- 
Project: Mapping the susceptibility gene for familial nonmedullary thyroid cancer 
The Ohio State University, Columbus 
Role: PhD thesis committee member (Albert de la Chapelle, MD, PhD, Advisor and Chair) 

Anu-Maria Loukola, MS 2000 
Project: Molecular diagnosis of hereditary nonpolyposis colorectal cancer (HNPCC) 
University of Helsinki, Finland 
Role: External examiner (Lauri A. Aaltonen, MD, PhD, Advisor) 

Awards to Trainees 
1997 Oliver Gimm, MD DFG Fellowship (Germany) 1997-99 
1998 Matthew H. Kulke, MD ASCO Young Investigator Award 1989-99 
1999 Patricia Dahia, MD, PhD Election to Membership, Sigma Xi Scientific Honor Society 
1999 Jen Jen Yeh, MD Best Resident Abstract Award, New England Cancer Society 
2000 Oliver Gimm, MD Nomination to Membership, Sigma Xi Scientific Honor Society 
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2000   Jen Jen Yeh, MD Nomination to Membership, Sigma Xi Scientific Honor Society 

Junior Faculty Mentored 
Matthew H. Kulke, MD Instructor in Medicine, Dana-Farber Cancer Institute 
ASCO Young Investigator Award      1998-99 

Kornelia Polyak, MD, PhD    Assistant Professor of Medicine, Dana-Farber Cancer Institute 
ASCO Career Development Award     1999-2003 

Patricia L M Dahia, MD, PhD Instructor in Medicine, Dana-Farber Cancer Institute 1999- 

Liang-Ping Weng, MD, MS   Research Scientist, Ohio State University      1999- 

Leadership Role 
1995-99 Director, Harvard Longwood Seminars in the Genetics of Cancer and Aging, 

organisation and coordination of seminar topic and speakers, invitation of 
speakers, and public relations for the seminar (CME 1 course) 

1999- Director, Clinical Cancer Genetics Program, Comprehensive Cancer Center, 
Ohio State University 

Regional. National and International Contributions (Invited Presentations') 

1993 Lancet Grand Round: Familial Cancer Syndromes. 
Case Presentations and Multiple Endocrine Neoplasia Type 2A, Royal 
Marsden Hospital, Sutton 

1993 ICRF Department of Medical Oncology Seminar, St. Bartholomew's Hospital, 
London: The multiple endocrine neoplasia type 2 syndromes 

1994 Faculty, March of Dimes 25th Clinical Genetics Conference, Orlando, FL, 
USA Symposium in Genetics and Development: The molecular genetics of 
multiple endocrine neoplasia type 2 

1994 Arbeitsgemeinschaft für Gynäkologische Onkologie, Vienna, Austria: The 
familial and genetic risks of ovarian cancer 

1994 Postgraduate Training Course in Endocrinology: Multiple Endocrine Neoplasia 
Type 2. British Society for Endocrinology, St. Mary's Hospital, London, UK 

1994 Symposium on Genotype-Phenotype Correlations, British Medical Genetics 
Conference, York, UK: Mutations of the ÄErproto-oncogene in the multiple 
endocrine neoplasia type 2 syndromes and Hirschsprung disease 

1995 Case Presentation Conference, Department of Medical Genetics, BC 
Children's Hospital, University of British Columbia, Vancouver: The role of 
the /?i?r proto-oncogene in the multiple endocrine neoplasia type 2 syndromes 
and Hirschsprung disease 

1995 Meeting of the Clinical Molecular Genetics Society, Selwyn College, 
Cambridge, UK: Mutational analysis of the /?Z?rproto-oncogene in MEN 2 

1995 Department of Internal Medicine IV - Nephrology Special Seminar, Albert 
Ludwigs University of Freiburg, Germany: Phaeochromocytoma and multiple 
endocrine neoplasia type 2: molecular genetic analysis 

1995 EORTC Thyroid Group Meeting, London, UK: Germline mutations in the 
Ä£Tproto-oncogene in the multiple endocrine neoplasia type 2 syndromes 

1995 Wessex Regional Genetics Laboratory Seminar, Salisbury, UK: The many 
faces of RET: multiple endocrine neoplasia type 2 and Hirschsprung disease 
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1996 Journees Internationales H P Klotz d'Endocrinologie Clinique, Paris, France: 
RET mutations in multiple endocrine neoplasia type 2 and sporadic medullary 
thyroid carcinoma 

1996 Special Seminar, Institut Curie, Paris, France: Mapping of the Cowden disease 
susceptibility gene: clue to BRCA3? 

1996 Medical Genetics Seminar, Institut Necker, Hopital des Enfants-Malades, 
Paris, France: Mutations in the /?£rproto-oncogene in MEN 2 and 
Hirschsprung disease 

1996 Department of Endocrinology Seminar, King's College Hospital School of 
Medicine, London, UK: /?#rproto-oncogene in MEN 2 and sporadic MTC 

1996 Department of Endocrinology Seminar, St. Bartholomew's Hospital, London, 
UK: Localisation of the gene for Cowden disease: another breast cancer 
susceptiblity gene? 

1996 Special Seminar, Department of Medical Genetics, Queen's University, 
Kingston, ON: Cowden syndrome 

1997 Universite Claude Bernard Lyon I, Lyon, France: External examiner, PhD 
thesis committee (PhD Candidate: Isabelle Schuffenecker) 

1997 Special Seminar, International Agency for Research on Cancer, Lyon, France: 
Molecular genetics of Cowden syndrome 

1997 Special Seminar, Cancer Institute of New Jersey, New Brunswick, NJ: PTEN 
in Cowden syndrome 

1997 31st Patterson Symposium: Li-Fraumeni syndrome, Manchester, UK: Two- 
dimensional gene scanning for rapid p53 mutation detection 

1997 IV International Thyroid and Neuroendocrine Cancer Workshop, Sicily, Italy: 
Genotype-phenotype correlations in MEN 2 and genotype-prognosis studies in 
sporadic medullary thyroid carcinoma 

1998 Special Seminar, Fox Chase Cancer Center, Philadelphia: PTEN, encoding a 
dual specificity phosphatase, in inherited hamartoma-tumor syndromes 

1998 Endocrine Grand Rounds, Mt. Sinai Medical Center, NY: The RET proto- 
oncogene in inherited and sporadic medullary thyroid carcinoma 

1998 Special Seminar, Human Cancer Genetics Program, Comprehensive Cancer 
Center, Ohio State University, Columbus, OH: The paradox of the i?£Tproto- 
oncogene: multiple endocrine neoplasia and Hirschsprung disease 

1998 Special Seminar, Human Cancer Genetics Program, MD Anderson Cancer 
Center, Houston, TX: PTEN in inherited hamartoma-tumour syndromes 

1998 Invited Lecture, First International Lentigenosis Meeting, National Institutes of 
Health, Bethesda, MD: PTEN, Cowden syndrome and Bannayan-Ruvalcaba- 
Riley syndrome 

1998 Invited Symposium Lecture, Fourth European Congress of Endocrinology, 
Seville, Spain: RET and PTEN mutations in sporadic thyroid tumours 

1998 Invited Lecture, ASCO Continuing Medical Education Course "Cancer 
Genetics in Office Practice," Princeton, NJ: Genetics of colorectal cancer 

1998 Breast Cancer Research Centre, Vancouver, BC: PTEN and its role in breast 
tumourigenesis in Cowden syndrome 

1998 Invited Lecture, 54th Recent Progress in Hormone Research, Skamania Lodge, 
Stevenson, WA: PTEN, encoding a phosphatase, in hereditary and sporadic 
nonmedullary thyroid tumors 

1998 Invited Lecture, Gordon Research Conference DNA Alterations in 
Transformed Cells: New insights into the molecular genetics of cancer, Colby- 
Sawyer College, NH: PTEN mutations in two inherited hamartoma-cancer 
syndromes and sporadic tumors 
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1998 Invited Lecture, International Congress on Hereditary Cancer Diseases, 
Düsseldorf, Germany: Cowden syndrome: update on genetic mechanisms and 
clinical features 

1998 Grand Rounds, University of Michigan Cancer Center, Ann Arbor, MI: The 
yin and yang of inherited thyroid cancer 

1998 Invited Lecture, American Psychological Association Conference on 
Behavioral Science and Genetics, Tyson's Corner, VA: Genetic testing: from 
technology to treatment 

1998 Karolinska Institute, Stockholm, Sweden: Faculty Opponent for PhD Thesis 
Defence (PhD Candidate: Filip Farnebo) 

1999 Grand Rounds, NIDDK, NIH, Bethesda, MD: Genetic and epigenetic PTEN 
alterations in inherited and sporadic neoplasia 

1999 Invited Lectures, NIH-sponsored Phakomatosis Revisited Workshop 
Rockville, MD: Hamartoses; Cowden syndrome and PTEN 

1999 Invited Lecture, ASCO Train the Trainer Update: Bringing Cancer Genetics to 
Office Practice, New Orleans, LA: Molecular diagnosis of the inherited 
harmatoma tumor syndromes 

1999 Medicine Grand Rounds, Rush Medical School, Chicago, IL: Molecular 
genetics in office practice: -RßTproto-oncogene mutations in multiple 
endocrine neoplasia type 2 

1999 Molecular Medicine Program Seminar, University of Toronto, Canada: 
Genetics of PTEN in inherited and sporadic cancers 

1999 Invited Symposium Lecture, American Gastroenterological Association, 
Orlando, FL: Feast or famine: /?2?r proto-oncogene in intestinal 
ganglioneuromatosis and Hirschsprung disease 

1999 Invited Symposium Lecture, Seventh International Workshop on Multiple 
Endocrine Neoplasia, Gubbio, Italy: MEN 2 and the practice of molecular 
oncology 

1999 Invited Symposium Lecture, Seventh International Workshop on Multiple 
Endocrine Neoplasia, Gubbio, Italy: The role of PTEN in Cowden syndrome 
and multiple sporadic cancers 

1999 Invited Plenary Lecture, Neuropathology at the Turn of the Millenium, Bonn, 
Germany: Will the real Cowden syndrome please stand up? 

1999 Invited Lecture, Human Genetics and Genomic Biology Program, Hospital for 
Sick Children, Toronto, Canada: The highs and lows of RET: a question of 
penetrance in neuroendocrine neoplasia and Hirschsprung disease 

2000- Invited Lecture, Li-Fraumeni syndrome: A 30* Anniversary Celebration; An 
International Workshop on Advances in Cancer Genetics, Hospital for Sick 
Children, Toronto, Canada: PTEN and breast cancer: genetics, cell cycle arrest 
and apoptosis - from soup to nuts 

2000 Invited Lecture, Clinical Cancer Genetics Program and Division of Molecular 
Medicine, City of Hope National Medical Center, Duarte, CA: The functional 
role of PTEN in hereditary and sporadic breast cancer 

2000 Grand Rounds, Lurie Comprehensive Cancer Center, Northwestern 
University, Chicago, IL: The role of PTEN in hereditary and sporadic breast 
cancer 

2000 Grand Rounds, Mt. Sinai School of Medicine Division of Medical Oncology 
and Cancer Center Grand Rounds, New York: RET gene testing in MEN 2: 
practice of molecular oncology 

2000 Human Genetics Seminar Series, Department of Human Genetics, University 
of Pittsburgh, PA: Genetics of RET in endocrine neoplasia and Hirschsprung 
disease: feast or famine 
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C. Short Report of Clinical Activities 

Description of Clinical Practice: Clinical cancer genetics; medical oncology, especially inherited 
hamartoma tumor syndromes, and endocrine tumors in a teaching hospital setting. 

Patient Load: 20% effort in the practice of clinical cancer genetics. Patients/families seen in cancer 
genetics clinic are usually complex and labor intensive. 

Clinical Contributions: When we and other groups discovered that germline mutations in the RET 
proto-oncogene are associated with MEN 2, clinical diagnostic testing became available within 6 
months of our publication. Since then, our work as well as others' work have bourne out initial data, 
such that RET testing has now become the clinical standard of care in MEN 2 and all cases of 
medullary thyroid cancer. Mutation status is important in these entities because it alters clinical 
management for the patient and his/her family. I have also worked with at least two CLIA-certified 
laboratory to ensure quality control and have worked with at least one third party insurer so that RET 
testing is covered 100%. 



20 

Bibliography 

Original Reports: 

1. Garber ED, Eng C, Puscheck EE, Weil MK, Ward S. Genetics of Ustilago violacea. XII. 
Half-tetrad analysis and double selection. BotGaz 1982; 143:524-9. 

2. Eng CEL, Strom CM. Analysis of three restriction fragment length polymorphisms in the 
human type II procollagen gene. Am J Hum Genet 1985; 37:719-732,1986; 39:122. 

3. Eng CEL, Strom CM. New syndrome: familial proportionate short stature, intrauterine 
growth retardation, and recurrent locking of the fingers. Am J Med Genet 1987; 26:217-20. 

4. Garber ED, Eng C, Stevens DM. Genetics of Ustilago violacea. XXI. Centromere-linkage 
values and pericentric gene clustering. Curr Genet 1987; 12:555-60. 

5. Eng C, Aronson MD. Pneumococcal bacteremia in two immunocompetent adults with otitis 
media and bronchitis. Lancet 1990; 336:1266 / 1991; 337:240-1 (response to critique). 

6. Eng C, Chopra S. Acute renal failure in nonfulminant hepatitis A. 
J Clin Gastroenterol 1990; 12:717-8. 

7. Banitt P, Eng C. Radiculopathy in an elderly woman. Hosp Pract 1991; 26:40. 

8. Eng C, Korzenik J. Angina pectoris associated with 5-fluorouracil. Hosp Phys 1991; 27:54- 
7. 

9. Eng C. Thoracic adenopathy: metastatic seminoma or sarcoid? Hosp Pract 1992; 27:208-10. 

10. Eng C, Farraye FA, Shulman LN, Peppercorn MA, Krauss CM, Connors JM, Stone RM. 
The association between myelodysplastic syndromes and Crohn disease. Ann Intern Med 
1992;117:661-2. 

11. Eng C, Cunningham D, Quade BJ, Schwamm L, Kantoff P, Skarin AT. Meningeal 
carcinomatosis from transitional cell carcinoma of the bladder. Cancer 1993; 72:553-7. 

12. Eng C, Li FP, Abramson DH, Ellsworth RM, Wong FL, Goldman MB, Seddon J, Tarbell 
N, Boice JD, Jr. Mortality from second tumors among long-term survivors of retinoblastoma. 
JNatl Cancer Inst 1993; 85:1121-8. 

13. Eng C, Spechler SJ, Ruben R, Li FP. Familial Barrett esophagus and adenocarcinoma of the 
gastroesophageal junction. Cancer Epidemiol Biomark Prevent 1993; 2:397-9. 

14. Mulligan LM, Kwok JBJ, Healey CS, Eisdon MJ, Eng C, Gardner E, Love DR, Mole SE, 
Moore JK, Papi L, Ponder MA, Telenius H, Tunnacliffe A, Ponder B AJ. Germ-line 
mutations of the RET proto-oncogene in multiple endocrine neoplasia type 2A. Nature 1993; 
363:458-60. 

15. Li FP, Eng C. The familial Muir-Torre syndrome. Ann Intern Med 1993; 119:539. 

16. Mulligan LM, Eng C, Healey CS, Clayton D, Kwok JBJ, Gardner E, Ponder MA, Frilling 
A, Jackson CE, Lehnert H, Neumann HPH, Thibodeau SN, Ponder BAJ. Specific mutations 



21 

of the i?Z?r proto-oncogene are related to disease phenotype in MEN 2A and FMTC. Nature 
Genet 1994; 6:70-4. 

17. Eng C, Smith DP, Mulligan LM, Nagai MA, Healey CS, Ponder MA, Gardner E, 
Scheumann GFW, Jackson CE, Tunnacliffe A, Ponder BAJ. Point mutation within the 
tyrosine kinase domain of the i?£T proto-oncogene in multiple endocrine neoplasia type 2B 
and related sporadic tumours. Hum Mol Genet 1994; 3:237-41. 

18. Eng C, Murday V, Seal S, Mohammed S, Hodgson SV, Chaudary MA, Fentiman I, Ponder 
BAJ, Eeles RA. Cowden syndrome and Lhermitte-Duclos disease in a family: a single genetic 
syndrome with pleiotropy? J Med Genet 1994; 31:458-61. 

19. Mulligan LM, Eng C, Healey CS, Ponder MA, Feldman GL, Li P, Jackson CE, Ponder 
BAJ. A. de novo mutation of the i?ET proto-oncogene in a patient with MEN 2A. Hum Mol 
Genet 1994; 3:1007-8. 

20. Attie T, Pelet A, Sarda P, Eng C, Edery P, Mulligan LM, Ponder BAJ, Munnich A, Lyonnet 
S. A 7 bp deletion of the i?Z?r proto-oncogene in familial Hirschsprung's disease. Hum Mol 
Genet 1994; 3:1439-40. 

21. Gardner E, Mulligan LM, Eng C, Healey CS, Kwok JBJ, Ponder MA, Ponder BAJ. 
Haplotype analysis of MEN 2 mutations. Hum Mol Genet 1994; 3:1771-4. 

22. Edery P, Attie T, Mulligan LM, Pelet A, Eng C, Ponder BAJ, Munnich A, Lyonnet S. A 
novel polymorphism in the coding sequence of the human /?£T proto-oncogene. Hum Genet 
1994; 94:579-80. 

23. Mulligan LM, Eng C, Attie T, Lyonnet S, Marsh D, Hyland VJ, Robinson BG, Frilling A, 
Verellen-Dumoulin C, Safar A, Venter DJ, Munnich A, Ponder BAJ. Diverse phenotypes 
associated with exon 10 mutations in the /?£r proto-oncogene. Hum Mol Genet 1994; 
3:2163-7. 

24. Pelet A, Attie T, Goulet O, Eng C, Ponder BAJ, Munnich A, Lyonnet S. De novo mutations 
of the RET proto-oncogene in Hirschsprung's disease. Lancet 1994; 344:1769-70. 

25. Eng C, Mulligan LM, Smith DP, Healey CS, Frilling A, Raue F, Neumann HPH, Pfragner 
R, Behmel A, Lorenzo MJ, Stonehouse TJ, Ponder MA, Ponder BAJ. Mutation of the RET 
proto-oncogene in sporadic medullary thyroid carcinomas. Genes Chrom Cancer 1995; 
12:209-12. 

26. Songyang Z, Carraway KL III, Eck MJ, Harrison SC, Feldman RA, Mohammadi M, 
Schlessinger J, Hubbard SR, Smith DP, Eng C, Lorenzo MJ, Ponder BAJ, Mayer BJ, 
Cantley LC. Catalytic site specificity of protein-tyrosine kinases is critical for selective 
signalling. Nature 1995; 373:536-9. 

27.      Eng C, Smith DP, Mulligan LM, Healey CS, Zvelebil MJ, Stonehouse TJ, Ponder MA, 
Jackson CE, Waterfield MD, Ponder BAJ. A novel point mutation in the tyrosine kinase 
domain of the RET proto-oncogene in sporadic medullary thyroid carcinoma and in a family 
with FMTC. Oncogene 1995; 10:509-13. 

28.     Lorenzo MJ, Eng C, Mulligan LM, Stonehouse TJ, Healey CS, Ponder BAJ, Smith DP. 
Multiple mRNA isoforms of the human RET proto-oncogene generated by alternate splicing. 
Oncogene 1995; 10:1377-83. 



22 

29. Frilling A, Höppner W, Eng C, Mulligan L, Raue F, Broelsch CE. Presymptomatic genetic 
screening in families with multiple endocrine neoplasia type 2. J Mol Med 1995; 73:229-33. 

30. Frilling A, Höppner W, Raue F, Eng C, Mulligan L, Ponder BAJ, Broelsch CE. Spezifische 
/?2?rproto-onkogen mutationen bei verschiedenen hereditären formen des C-zell-karzinoms. 
Langenbeck Arch Chirurg Forum '95 1995; 303-6. 

31. Eng C, Mulligan LM, Smith DP, Healey CS, Frilling A, Raue F, Neumann HPH, Ponder 
MA, Ponder BAJ. Low frequency of germline mutations in the i?ET proto-oncogene in 
patients with apparently sporadic medullary thyroid carcinoma. Clin Endocrinol 1995:43:123- 
7. 

32. Attie T, Pelet A, Edery P, Eng C, Mulligan LM, Amiel J, Boutrand L, Beldjord C, Nihoul- 
Fekete C, Munnich A, Ponder BAJ, Lyonnet S. Diversity of /?i?r proto-oncogene mutations 
in familial and sporadic Hirschsprung disease. Hum Mol Genet 1995; 4:1381-6. 

33. Crossey PA*, Eng C*, Ginalska-Malinoswska M, Lennard TWJ, Wheeler D, Ponder BAJ, 
Mäher ER. Molecular genetic diagnosis of von Hippel-Lindau disease in familial 
phaeochromocytoma. J Med Genet 1995; 32:885-6. 

34. Neumann HPH, Eng C, Mulligan LM, Glavac D, Zaüner I, Ponder BAJ, Crossey PA, 
Mäher ER, Brauch H. Consequences of direct genetic testing for germline mutations in the 
clinical management of families with multiple endocrine neoplasia type 2. JAMA 1995; 
274:1149-51. 

35. Mulligan LM, Marsh DJ, Robinson BG, Schuffenecker I, Zedenius J, Lips CJM, Gagel RF, 
Takai S-I, Noll WW, Fink M, Raue F, Lacroix A, Thibodeau SN, Frilling A, Ponder BAJ, 
Eng C. Genotype-phenotype correlation in MEN 2: Report of the International RET Mutation 
Consortium. J Intern Med 1995; 238:343-6. 

36. Myers SM, Eng C, Ponder BAJ, Mulligan LM. Characterization of RET proto-oncogene 3' 
splicing variants and polyadenylation sites: a novel C-terminal for RET. Oncogene 1995; 
11:2039-2045. 

37. Frilling A, Dralle H, Eng C, Raue F, Broelsch CE. Presymptomatic DNA screening in 
families with multiple endocrine neoplasia type 2 and familial medullary thyroid carcinoma. 
Surgery 1995; 118:1099-104. 

38. Borrello MG, Smith DP, Pasini B, Bongarzone I, Greco A, Lorenzo MJ, Arighi E, Miranda 
C, Eng C, Alberti L, Bocciardi R, Mondellini P, Scopsi L, Romeo G, Ponder BAJ, Pierotti 
MA. RET activation by germline MEN2A and MEN2B mutations. Oncogene 1995; 11:2419- 
27. 

39. Toogood AA, Eng C, Smith DP, Ponder BAJ, Shalet SM. No mutation at codon 918 of the 
RET gene in a family with multiple endocrine neoplasia type 2B. Clin Endocrinol 1995; 
43:759-62. 

40. Eng C*, Crossey PA*, Mulligan LM, Healey CS, Houghton C, Prowse A, Chew SL, Dahia 
PLM, O'Riordan JLH, Toledo SPA, Smith DP, Mäher ER, Ponder BAJ. Mutations of the 
RET proto-oncogene and the von Hippel-Lindau disease tumour suppressor gene in sporadic 
and syndromic phaeochromocytomas. J Med Genet 1995; 32:934-7. 



23 

41. Marsh DJ, Learoyd DL, Andrew SD, Krishnan L, Pojer R, Richardson A-L, Delbridge L, 
Eng C, Robinson BG. Somatic mutations in the JRET proto-oncogene in sporadic medullary 
thyroid carcinoma. Clin Endocrinol 1996; 44:249-57. 

42. Marsh DJ, Andrew SD, Eng C, Learoyd DL, Capes AG, Pojer R, Richardson A-L, 
Houghton C, Mulligan LM, Ponder BAJ, Robinson BG. Germline and somatic mutations in 
an oncogene: RET mutations in inherited medullary thyroid carcinoma. Cancer Res 1996; 
56:1241-3. 

43. Neumann HPH, Eng C, Mulligan LM. Von Hippel-Lindau disease and pheochromocytoma. 
JAMA 1996; 275:839-40. 

44. Eng C, Foster KA, Healey CS, Houghton C, Gayther SA, Mulligan LM, Ponder BAJ. 
Mutation analysis of the c-mos proto-oncogene and the endothelin-B receptor gene in 
medullary thyroid carcinoma and phaeochromocytoma. Br J Cancer 1996; 74:339-41. 

45. Edery P, Attie T, Amiel J, Pelet A, Eng C, Hofstra RMW, Martelli H, Bidaud C, Munnich 
A, Lyonnet S. Mutation of the endothelin-3 gene in the Waardenburg-Hirschsprung disease 
(Shah-Waardenburg syndrome). Nature Genet 1996; 12:442-4. 

46. Eng C, Mulligan LM, Healey CS, Houghton C, Frilling A, Raue F, Thomas GA, Ponder 
BAJ. Heterogeneous mutation of the RET proto-oncogene in subpopulations of medullary 
thyroid carcinoma. Cancer Res 1996; 56:2167-70. 

47. Nelen MR, Padberg GW, Peeters EAJ, Lin A, van den Helm B, Frants RR, Coulon V, 
Goldstein AM, van Reen MMM, Easton DF, Eeles RA, Hodgson S, Mulvihill JJ, Murday 
VA, Tucker MA, Mariman ECM, Starink TM, Ponder BAJ, Ropers HH, Kremer H, Longy 
M, Eng C. Localization of the gene for Cowden disease to 10q22-23. Nature Genet 1996; 
13:114-6. 

48. van Orsouw NJ, Li D, van der Vlies P, Scheffer H, Eng C, Buys CHCM, Li FP, Vijg J. 
Mutational scanning of large genes by extensive PCR multiplexing and two-dimensional 
electrophoresis: application to the RBI gene. Hum Mol Genet 1996; 5:755-61. 

49. Neumann HPH, Bender B, Zatiner I, Berger DP, Eng C, Brauch H, Zbar B. Monogenetic 
hypertension and pheochromocytoma. Am J Kidney Pis 1996; 28:329-33. 

50. Salomon R, Attie T, Pelet A, Bidaud C, Eng C, Amiel J, Sarnacki S, Goulet O, Ricour C, 
Nihoul-Fekete C, Munnich A, Lyonnet S. Germline mutations of a RET ligand, glial cell line- 
derived neurotrophic factor, are not sufficient to cause Hirschsprung disease. Nature Genet 
1996; 14:345-347. 

51. Eng C, Clayton D, Schuffenecker I, Lenoir G, Cote G, Gagel RF, Ploos van Amstel HK, 
Lips CJM, Nishisho I, Takai S-I, Marsh DJ, Robinson BG, Frank-Raue K, Raue F, Xue F, 
Noll WW, Romei C, Pacini F, Fink M, Niederle B, Zedenius J, Nordenskjöld M, 
Komminoth P, Hendy GN, Gharib H, Thibodeau SN, Lacroix A, Frilling A, Ponder BAJ, 
Mulligan LM. The relationship between specific RET proto-oncogene mutations and disease 
phenotype in multiple endocrine neoplasia type 2. International RET Mutation Consortium 
analysis. JAMA 1996; 276:1575-9. 

52. Ivanchuk SM, Myers SM, Eng C, Mulligan LM. De novo mutation of GDNF, ligand for the 
RET/GDNFR-cc receptor complex, in Hirschsprung disease. Hum Mol Genet 1996; 5:2023- 
6. 



24 

53. Schuffenecker I, Ginet N, Goldgar D, Eng C, Chambe B, Boneu A, Houdent C, Pallo D, 
Schlumberger M, Thivolet C, Lenoir GM. Prevalence and parental origin of de novo RET 
mutations in multiple endocrine neoplasia type 2A and familial medullary thyroid carcinoma. 
Am J Hum Genet 1997; 60:233-7. 

54. Kerangueven F, Eisinger F, Noguchi T, Allione F, Wargniez V, Eng C, Padberg G, Theillet 
C, Jacquemier J, Longy M, Sobol H, Birnbaum D. Loss of heterozygosity in human breast 
carcinomas in the ataxia telangiectasia, Cowden's disease and BRCA1 gene regions. 
Oncogene 1997; 14:339-47. 

55. Dahia PLM, Toledo SPA, Mulligan LM, Mäher ER, Grossman AB, Eng C. Mutation 
analysis of glial cell line-derived neurotrophic factor (GDNF), a ligand for the RET/GDNF 
receptor a complex, in sporadic phaeochromocytomas. Cancer Res 1997; 57:310-3. 

56. Boccia LM, Green JS, Joyce C, Eng C, Taylor SAM, Mulligan LM. Mutations of RET 
codon 768 is associated with the FMTC phenotype. Clin Genet 1997; 51:81-5. 

57. Marsh DJ, Zheng Z, Zedenius J, Kremer H, Padberg GW, Larsson C, Longy M, Eng C. 
Differential loss of heterozygosity in the region of the Cowden locus within 10q22-23 in 
follicular thyroid adenomas and carcinomas. Cancer Res 1997; 57:500-3. 

58. Marsh DJ, Andrew SD, Learoyd DL, Pojer R, Eng C, Robinson BG. Deletion-insertion 
mutation encompassing RET codon 634 is associated with medullary thyroid carcinoma. Hum 
Mutat 1997; Mutations in Brief #12 Online. 

59. Ivanchuk SM, Eng C, Cavenee WK, Mulligan LM. The expression of RET and its multiple 
splice forms in developing human kidney. Oncogene 1997; 14:1811-8. 

60. Liaw D, Marsh DJ, Li J, Dahia PLM, Wang SI, Zheng Z, Bose S, Call KM, Tsou HC, 
Peacocke M, Eng C*, Parsons R*. Germline mutations of the PTEN gene in Cowden 
disease, an inherited breast and thyroid cancer syndrome. Nature Genet 1997; 16:64-7. 
(* Joint Senior Authors) 

61. Woodward ER, Eng C, McMahon R, Voutilainen R, Affara NA, Ponder B AJ, Mäher ER. 
Genetic predisposition to phaeochromocytoma: analysis of candidate genes GDNF, RET and 
VHL. Hum Mol Genet 1997; 6:1051-6. 

62. Bidaud C, Salomon R, Vancamp G, Pelet A, Attie T, Eng C, Bonduelle M, Amiel J, 
Nihoulfekete C, Willems PJ, Munnich A, Lyonnet. Endothelin-3 gene mutations in isolated 
and syndromic Hirschsprung disease. Eur J Hum Genet 1997; 5:247-51. 

63. Marsh DJ, Dahia PLM, Zheng Z, Liaw D, Parsons R, Gorlin RJ, Eng C. Germline 
mutations in PTEN are present in Bannayan-Zonana syndrome. Nature Genet 1997; 16:333-4. 

64. Myers MP, Stolarov J, Eng C, Li J, Wang SI, Wigler MH, Parsons R, Tonks NK. PTEN, 
the tumor suppressor from human chromosome 10q23, is a dual specificity phosphatase. Proc 
Natl Acad Sei (USA^l 1997; 94:9052-7. 

65. Marsh DJ, Zheng Z, Arnold A, Andrew SD, Learoyd D, Frilling A, Komminoth P, Neumann 
HPH, Ponder BAJ, Rollins BJ, Shapiro GI, Robinson BG, Mulligan LM, Eng C. Mutation 
analysis of glial cell line-derived neurotrophic factor (GDNF), a ligand for the RET/co- 



25 

receptor complex, in MEN 2 and sporadic neuroendocrine tumors. J Clin Endocrinol Metab 
1997; 82:3025-8. 

66. Tsou HC, Teng D, Ping XL, Broncolini V, Davis T, Hu R, Xie XX, Gruener AC, Schräger 
CA, Christiano AM, Eng C, Steck P, Ott J, Tavtigian S, Peacocke M. Role of MMAC1 
mutations in early onset breast cancer: causative in association with Cowden syndrome and 
excluded in BRCA1 -negative cases. Am J Hum Genet 1997; 61:1036-43. 

67. Gimm O, Marsh DJ, Andrew SD, Frilling A, Dahia PLM, Mulligan LM, Zajac JD, Robinson 
BG, Eng C. Germline dinucleotide mutation in codon 883 of the Z?£Tproto-oncogene in 
multiple endocrine neoplasia type 2B without codon 918 mutation. J Clin Endocrinol Metab 
1997; 82:3902-4. 

68. Dahia PLM, Marsh DJ, Zheng Z, Zedenius J, Komminoth P, Frisk T, Wallin G, Parsons R, 
Longy M, Larsson C, Eng C. Somatic deletions and mutations of PTEN in sporadic thyroid 
tumors. Cancer Res 1997; 57:4710-3. 

69. Marsh DJ, Roth S, Lunetta K, Hemminki A, Dahia PLM, Sistonen P, Zheng Z, Caron S, van 
Orsouw NJ, Bodmer WF, Cottrell S, Dunlop MG, Eccles D, Hodgson SV, Järvinen H, 
Kellokumpu I, Markie D, Neale K, Phillips R, Rozen P, Syngal S, Vijg J, Tomlinson JPM, 
Aaltonen LA, Eng C. Exclusion of PTEN and 10q22-24 as the susceptibility locus for 
juvenile polyposis syndrome (JPS). Cancer Res 1997; 57:5017-21. 

70. Marsh DJ, Dahia PLM, Coulon V, Zheng Z, Dorion-Bonnet F, Call KM, Little R, Lin AY, 
Goldstein A, Eeles RA, Hodgson SV, Richardson A-L, Robinson BG, Weber HC, Longy M, 
Eng C. Allelic imbalance, including deletion of PTENIMMAC1, at the Cowden disease 
locus on 10q22-23 in hamartomas from patients with Cowden disease and germline PTEN 
mutation. Genes Chrom Cancer 1998; 21:61-9. 

71. Gordon CM, Majzoub JA, Marsh DJ, Mulliken J, Ponder BAJ, Robinson BG, Eng C. Four 
cases of mucosal neuroma syndrome: MEN 2B or not 2B? J Clin Endocrinol Metab 1998; 
83:17-20. 

72. Schuffenecker I, Virally-Monod M, Brohet R, Goldgar D, Conte-Devolx B, Leclerc L, 
Chabre O, Boneu A, Caron J, Houdent C, Modigliani E, Rohmer V, Schlumberger M, Eng 
C, Guillausseau PJ, Lenoir G. Risk and penetrance of primary hyperparathyroidism in MEN 
2A families with codon 634 mutations of the ÄETproto-oncogene. J Clin Endocrinol Metab 
1998; 83:487-91. 

73. Eng C, Myers SM, Kogon MD, Sanicola M, Hession C, Cate RL, Mulligan LM. Genomic 
structure and chromosomal localisation of the human GDNFR-a gene. Oncogene 1998; 
16:597-601. 



26 

74. Peters N, Wellenreuther R, Rollbrocker B, Hayashi Y, Meyer-Puttlitz B, Dürr E-M, Lenartz 
D, Marsh DJ, Schramm J, Wiestier OD, Parsons R, Eng C, von Deimling A. Analysis of the 
PTEN gene in human meningiomas. Neuropathol Appl Neurobiol 1998; 24:3-8. 

75. Marsh DJ, Coulon V, Lunetta KL, Rocca-Serra P, Dahia PLM, Zheng Z, Liaw D, Caron S, 
Duboue B, Lin AY, Richardson AL, Bonnetblanc J-M, Bressieux J-M, Cabarrot-Moreau A, 
Chompret A, Demange L, Eeles RA, Yahanda AM, Fearon ER, Fricker JP, Gorlin RJ, 
Hodgson SV, Huson S, Lacombe D, LePrat F, Odent S, Toulouse C, Olapade 01, Sobol H, 
Tishler S, Woods CG, Robinson BG, Weber HC, Parsons R, Peacocke M, Longy M, Eng 
C. Mutation spectrum and genotype-phenotype analyses in Cowden disease and Bannayan- 
Zonana syndrome, two hamartoma syndromes with germline PTEN mutation. Hum Mol 
Genet 1998; 7:507-15. 

76. Feilotter HE, Nagai MA, Boag AH, Eng C, Mulligan LM. Analysis of PTEN and the 10q23 
region in primary prostate carcinomas. Oncogene 1998; 16:1743-8. 

77. Mulligan LM, Timmer T, Ivanchuk SM, Campling BG, Sundaresan V, Rabbitts PH, Hofstra 
RMW, Eng C. Investigations of the genes encoding RET and its ligand complex, 
GDNF/GFRoc-1, in small cell lung carcinoma. Genes Chrom Cancer 1998; 21:326-32. 

78. Dürr E-M, Rollbrocker B, Hayashi Y, Peters N, Meyer-Puttlitz B, Louis DN, Schramm J, 
Wiestler OD, Parsons R, Eng C, von Deimling A. PTEN mutations in gliomas and 
glioneuronal tumors. Oncogene 1998; 16:2259-2264. 

79. van Orsouw NJ, Dhanda RK, Rines RD, Smith WM, Sigalas I, Eng C, Vijg J. Rapid design 
of denaturing gradient-based two-dimensional electrophoretic gene mutation scanning tests. 
Nucleic Acid Res 1998; 26:2398-2406. 

80. Dahia PLM, FitzGerald MG, Zhang X, Marsh DJ, Zheng Z, Pietsch T, von Deimling A, 
Haluska FG, Haber DA, Eng C. A highly conserved processed PTEN pseudogene is located 
on chromosome band 9p21. Oncogene 1998; 16:2403-6. 

81. Pesche S, Latil A, Muzeau F, Cussenot O, Fournier G, Longy M, Eng C, Lidereau R. 
PTENIMMAC1ITEP1 involvement in primary prostate cancers. Oncogene 1998; 16:2879-83. 

82. Rines RD, van Orsouw NJ, Sigalas I, Li FP, Eng C, Vijg J. Comprehensive mutational 
analysis of p53 coding region by two-dimensional gene scanning. Carcinogenesis 1998: 
19:979-84. 

83. Eng C, Peacocke M. PTEN mutation analysis as a molecular diagnostic tool in the inherited 
hamartoma-cancer syndromes. Nature Genet 1998; 19:223. 

84. Svensson P-J, Molander M-L, Eng C, Anvret M, Nordenskjöld A. Low frequency of RET 
mutations in Hirschsprung disease in Sweden. Clin Genet 1998; 54:39-44. 

85. Stratakis CA, Kirschner LS, Taymans SE, Tomlinson IPM, Marsh DJ, Torpy DJ, Eccles 
DM, Theaker J, Houlston RS, Blouin J-L, Antonarakis SE, Basson CT, Eng C, Carney JA. 
Carney complex, Peutz-Jeghers syndrome, Cowden disease, and Bannayan-Zonana 
syndrome share cutaneous and endocrine manifestations but not genetic loci. JClin 
Endocrinol Metab 1998; 83:2972-6. 



27 

86. FitzGerald MG, Marsh DJ, Wahrer D, Caron S, Bell S, Shannon KEM, Ishioka C, 
Isselbacher KJ, Garber JE, Eng C, Haber DA. Germline mutations in PTEN are an 
infrequent cause of genetic predisposition to breast cancer. Oncogene 1998; 17:727-32. 

87. Borrego S, Eng C, Sanchez B, Säez M-E, Navarro E, Antinolo G. Molecular analysis of the 
RET and GDNF genes in a family with multiple endocrine neoplasia type 2A and 
Hirschsprung disease. J Clin Endocrinol Metab 1998; 83:3361-4. 

88. Dhanda RK, van Orsouw NJ, Sigalas I, Eng C, Vijg J. Critical factors in the performance 
and cost of two-dimensional gene scanning: RBI as a model. BioTechniques 1998; 25:664- 
75. 

89. Somerville RPT, Shoshan Y, Eng C, Barnett G, Miller D, Cowell JK. Molecular analysis of 
two putative tumour suppressor genes, PTEN and DMBT, which have been implicated in 
glioblastoma multiforme disease progression. Oncogene 1998; 17:1755-1757. 

90. Longy M, Coulon V, Duboue B, David A, Larregue M, Eng C, Amati P, Kraimps J-L, 
Bottani A, Lacombe D, Bonneau D. Mutations of PTEN in patients with Bannayan-Riley- 
Ruvalcaba phenotype. J Med Genet 1998; 35:886-9. 

91. Smith WM, van Orsouw NJ, Fox EA, Kolodner RD, Vijg J, Eng C. Accurate, high 
throughput "snapshot" detection of hMLHl mutations by two-dimensional electrophoresis. 
Genet Testing 1998; 2:43-53. 

92. Dhanda RK, Smith WM, Scott CB, Eng C, Vijg J. Automated two-dimensional DNA 
electrophoresis: application to genetic testing. Genet Testing 1998; 2:67-70. 

93. Dabora SL, Sigalas I, Hall F, Eng C, Vijg J, Kwiatkowski DJ. Comprehensive mutation 
analysis of TSC1 with two-dimensional DNA electrophoresis with DGGE. Ann Hum Genet 
1998; 62:491-504. 

94. Marsh DJ, Dahia PLM, Caron S, Kum JB, Frayling IM, Tomlinson IPM, Hughes KS, 
Hodgson S V, Murday VA, Houlston R, Eng C. Germline PTEN mutations in Cowden 
syndrome-like families. J Med Genet 1998; 35:881-5. 

95. Houlston R, Bevan S, Williams A, Young J, Dunlop M, Rozen P, Eng C, Markie D, 
Woodford-Richens K, Rodriguez-Bigas M, Leggett B, Neale K, Phillips R, Sheridan E, 
Hodgson S, Twama T, Eccles D, Fagan K, Bodmer W, Tomlinson I. Mutations in DPC4 
(SMAD4) cause juvenile polyposis syndrome, but only account for a minority of cases. Hum 
Mol Genet 1998; 7:1907-1912. 

96. Eng C, Thomas GA, Neuberg DS, Mulligan LM, Healey CS, Houghton C, Frilling A, Raue 
F, Williams ED, Ponder BAT. Mutation of the /JETproto-oncogene is correlated with RET 
immunostaining in subpopulations of cells in sporadic medullary thyroid carcinoma. JClin 
Endocrinol Metab 1998; 83:4310-3. 

97. Eng C, Marsh DJ, Robinson BG, Chow CW, Patton MA, Southey MC, Venter DJ, Ponder 
BAJ, Milla PJ, Smith VV. Germline RET codon 918 mutation in apparently isolated intestinal 
ganglioneuromatosis. J Clin Endocrinol Metab 1998; 83:4191-4. 

98. Zori RT, Marsh DJ, Graham GE, Marliss EB, Eng C. Germline PTEN mutation in a family 
with Cowden syndrome and Bannayan-Ruvalcaba-Riley syndrome. Am J Med Genet 1998; 
80:399-402. 



28 

99. Feilotter HE, Coulon V, McVeigh JL, Boag AH, Dorion-Bonnet F, Duboue B, Latham 
WCW, Eng C, Mulligan LM, Longy M. Analysis of the 10q23 chromosomal region and the 
PTEN gene in human sporadic breast carcinoma. Br J Cancer 1999; 79:718-23. 

100. Myers SM, Salomon R, Gössling A, Pelet A, Eng C, von Deimling A, Lyonnet S, Mulligan 
LM. Absence of germline GFRa-1 mutations in Hirschsprung disease. J Med Genet 1999; 
36:217-20. 

101. Dahia PLM, Aguiar RCT, Alberta J, Kum JB, Caron S, Sills H, Marsh DJ, Freedman A, Ritz 
J, Stiles C, Eng C. PTEN is inversely correlated with the cell survival factor PKB/Akt and is 
inactivated by diverse mechanisms in haematologic malignancies. Hum Mol Genet 1999; 
8:185-93. 

102. Svensson PJ, Tapper-Persson M, Anvret M, Molander M-L, Eng C, Nordenskjöld A. 
Mutations in the endothelin-receptor ß gene in Hirschsprung disease in Sweden. Clin Genet 
1999; 55:215-7. 

103. Gimm O, Neuberg DS, Marsh, DJ, Dahia PLM, Hoang-Vu C, Raue F, Hinze R, Dralle H, 
Eng C. Over-representation of a germline RET sequence variant in patients with sporadic 
medullary thyroid carcinoma and somatic RETco<km 918 mutation. Oncogene 1999; 18:1369- 
74. 

104. Otto LR, Boriack RL, Marsh DJ, Kum JB, Eng C, Burlina AB, Bennett MJ. Long-chain L- 
3-hydroxyacyl-coA dehydrogenase (LCHAD) deficiency does not appear to be the primary 
cause of lipid myopathy in patients with Bannayan-Riley-Ruvalcaba syndrome. Am J Med 
Genet 1999; 83:3-5. 

105. Gimm O, Gössling A, Marsh DJ, Dahia PLM, Myers SM, Mulligan LM, von Deimling A, 
Eng C. Somatic deletion of the gene encoding GFRa-1, a co-receptor of RET, in sporadic 
brain tumours. Br J Cancer 1999; 80:383-6. 

106. Nilsson O, Tisell L-E, Jansson S, Ahlman H, Gimm O, Eng C. Adrenal and extra-adrenal 
pheochromocytomas in a family with germline RET V804L mutation. JAMA 1999; 281:1587- 
8. 

107. Vestergaard P, Kroustrup JP, Rönne H, Eng C, Laurberg P. Neuromas in multiple 
endocrine neoplasia type 2A with a RET codon 611 mutation. J Endo Genet 1999; 1:33-8. 

108. Shannon KE, Gimm O, Hinze R, Dralle H, Eng C. Germline V804M mutation in the RET 
proto-oncogene in two apparently sporadic cases of MTC presenting in the seventh decade of 
life. J Endo Genet 1999; 1:39-46. 

109. Lauge A, Lefebvre C, Laurent-Puig P, Gad S, Eng C, Longy M, Stoppa-Lyonnet D. No 
evidence for germline PTEN mutations in families with breast and brain tumours. Intl J 
Cancer 1999; 84:216-9. 

110. Smith VV, Eng C, Milla PJ. Intestinal ganglioneuromatosis and multiple endocrine neoplasia 
type 2B: implications for treatment. Gut 1999; 45:143-6. 



29 

111. Sarraf P, Mueller E, Smith WM, Wright HM, Kum JB, Aaltonen LA, de la Chapelle A, 
Speigelman BM, Eng C. Loss-of-function mutations in PPA/?yassociated with human colon 
cancer. Mol Cell 1999; 3:799-804. 

112. Syngal S, Fox EA, Davidio M, Li C, Eng C, Kolodner RD, Garber JE. Interpretation of 
genetic test results for hereditary nonpolyposis colorectal cancer. Implications for 
predisposition testing. JAMA 1999; 282:247-253. 

113. Bevan S, Woodford-Richens K, Rozen P, Eng C, Young J, Dunlop M, Neale K, Phillips R, 
Markie D, Rodriguez-Bigas M, Leggett B, Sheridan E, Hodgson S, Iwama T, Eccles D, 
Bodmer W, Houlston R, Tomlinson I. Screening SMAD1, SMAD2, SMAD3 and SMAD5 for 
germline mutations in juvenile polyposis syndrome. Gut 1999; 45:406-8. 

114. Clifford SC, Walsh S, Hewson K, Green EK, Brinke A, Green PM, Gianelli F, Eng C, 
Mäher ER. Genomic organisation and chromosomal localisation of the human CUL2 gene and 
the role of von Hippel-Lindau tumor suppressor-binding protein (CUL2 and VBP-1) mutation 
and loss in renal cell carcinoma development. Gene Chrom Cancer 1999; 26:20-8. 

115. Gimm O, Greco A, Hinze R, Dralle H, Pierotti M, Eng C. Sequence variants in NTRK1 in 
human sporadic medullary thyroid carcinomas. J Clin Endocrinol Metab 1999; 84:2784-7. 

116. Marsh DJ, Kum JB, Lunetta KL, Bennett MJ, Gorlin RJ, Ahmed SF, Bodurtha J, Crowe C, 
Curtis MA, Dasouki M, Dunn T, Feit H, Geraghty MT, Graham JM, Hodgson SV, Hunter 
A, Korf BR, Manchester D, Miesfeldt S, Murday VA, Nathanson KA, Parisi M, Pober B, 
Romano C, Tolmie JL, Trembath R, Winter RM, Zackai EH, Zori RT, Weng LP, Dahia 
PLM, Eng C. PTEN mutation spectrum and genotype-phenotype correlations in Bannayan- 
Riley-Ruvalcaba syndrome suggest a single entity with Cowden syndrome. Hum Mol Genet 
1999; 8:1461-72. 

117. Duerr EM, Gimm O, Kum JB, Clifford SC, Toledo SPA, Mäher ER, Dahia PLM, Eng C. 
Differences in allelic distribution of two polymorphisms in the VHL-associated gene CUL2 in 
pheochromocytoma patients without somatic CUL2 mutations. J Clin Endocrinol Metab 1999; 
84:3207-11. 

118. van Orsouw NJ, Dhanda RK, Elhaji Y, Narod SA, Li FP, Eng C, Vijg J. A highly accurate, 
low cost test for BRCA1 mutations. J Med Genet 1999; 36:747-753. 

119. Borrego S, Saez ME, Ruiz A, Gimm O, Lopez-Alonzo M, Antinolo G, Eng C. Specific 
sequence polymorphisms in the /?E7proto-oncogene are over-represented in individuals with 
Hirschsprung disease and may represent loci modifying phenotypic expression. J Med Genet 
1999; 36:771-774. 

120. Perren A, Weng LP, Boag AH, Ziebold U, Kum JB, Dahia PLM, Komminoth P, Lees JA, 
Mulligan LM, Mutter GL, Eng C. Immunocytochemical evidence of loss of PTEN 
expression in primary ductal adenocarcinomas of the breast. Am J Pathol 1999; 155:1253-60. 

121. Ahmed SF, Marsh DJ, Weremowicz S, Morton CC, Williams DM, Eng C. Balanced 
translocation of lOq and 13q, including the PTEN gene, in a boy with an HCG-secreting 
tumor and the Bannayan-Riley-Ruvalcaba syndrome. J Clin Endocrinol Metab 1999; 84:4665- 
70. 

122. Yeh JJ, Marsh DJ, Zedenius J, Dwight T, Delbridge L, Robinson BG, Eng C. Fine structure 
deletion analysis of 10q22-24 demonstrates novel regions of loss and suggests that sporadic 



30 

follicular thyroid adenomas and follicular thyroid carcinomas develop along distinct parallel 
neoplastic pathways. Gene Chrom Cancer 1999; 26:322-8. 

123. Weng LP, Smith WM, Dahia PLM, Ziebold U, Gil E, Lees JA, Eng C. PTEN suppresses 
breast cancer cell growth by phosphatase activity-dependent Gl arrest followed by cell death. 
Cancer Res 1999; 59:5808-14 

124. Woodford-Richens K, Bevan S, Churchman M, Dowling B, Jones D, Norbury CG, 
Hodgson SV, Desai D, Neale K, Phillips RKS, Young J, Leggett B, Dunlop M, Rozen P, 
Eng C, Markie D, Rodriguez-Bigas MA, Sheridan E, Iwama T, Eccles D, Smith GT, Kim 
JC, Kim KM, Bodmer WF, Tomlinson IPM, Houlston RS. Analysis of genetic and 
phenotypic heterogeneity in juvenile polyposis. Gut 2000; 46:656-60 

125. Zhou XP, Marsh DJ, Hampel H, Mulliken JB, Gimm O, Eng C. Germline and germline 
mosaic PTEN mutations associated with a Proteus-like syndrome of hemihypertrophy, lower 
limb asymmetry, arterio-venous malformations and lipomatosis. Hum Mol Genet 2000; 
9:765-8. 

126. Yeh JJ, Lunetta KL, van Orsouw NJ, Moore FD, Mutter GL, Vijg J, Dahia PLM, Eng C. 
Somatic mitochondrial DNA (mtDNA) mutations in papillary thyroid carcinomas and 
differential mtDNA sequence variants in cases with thyroid tumours. Oncogene 
2000;19:2060-6. 

127. Gimm O, Perren A, Weng LP, Marsh DJ, Yeh JJ, Ziebold U, Gil E, Hinze R, Delbridge L, 
Lees JA, Robinson BG, Komminoth P, Dralle H, Eng C. Differential nuclear and 
cytoplasmic expression of PTEN in normal thyroid tissue, and benign and malignant epithelial 
thyroid tumors. Am J Pathol 2000; 156:1693-1700. 

128. Hampel H, Allen CM, Chernausek SD, Prior TW, Eng C. De novo RET mutation positive 
multiple endocrine neoplasia type 2B and hereditary nonpolyposis colorectal cancer syndrome 
occurring in the same family: parent-of-origin and mismatch repair. J Endo Genet 2000; 
1:143-8. 

129. Zhou XP, Smith WM, Gimm O, Mueller E, Gao X, Sarraf P, Prior TW, Plass C, von 
Deimling A, Black PMcL, Yates AJ, Eng C. Over-representation of PPAÄysequence 
variants in sporadic cases of glioblastoma multiforme: preliminary evidence for common low 
penetrance modifiers for brain tumour risk in the general population. J Med Genet 2000; 
37:410-4. 

130. Mutter GL, Lin M-C, FitzGerald JT, Kum JB, Eng C. Changes in endometrial PTEN 
expression throughout the human menstrual cycle. J Clin Endocrinol Metab 2000; 85:2334-8. 

131. Mutter GL, Lin M-C, FitzGerald JT, Kum JB, Baak JPA, Lees JA, Weng LP, Eng C. 
Altered PTEN expression as a molecular diagnostic marker for the earliest endometrial 
precancers. J Natl Cancer Inst 2000; 92:924-31. 

132. Gimm O, Attie-Bitach T, Lees JA, Vekemans M, Eng C. Expression of the PTEN tumour 
suppressor protein in human embryonic development. Hum Mol Genet 2000; 9:1633-9. 

133. Borrego S, Ruiz A, Saez ME, Gimm O, Gao X, Lopez-Alonso M, Hernandez M, Wright FA, 
Antinolo G, Eng C. RET genotypes comprising specific haplotypes of polymorphic variants 
predispose to isolated Hirschsprung disease. J Med Genet 2000; 37:572-8. 



31 

134. Syngal S, Fox EA, Eng C, Kolodner RD, Garber JE. Sensitivity and specificity for 
hereditary nonpolyposis colorectal cancer-associated mutations in MSH2 and MLH1. JMed 
Genet 2000; 37:641-5. 

135. Dahia PLM, Gimm O, Chi H, Marsh DJ, Reynolds PR, Eng C. Absence of germline 
mutations in MINPP1, a phosphatase-encoding gene centromeric of PTEN, in patients with 
Cowden and Bannayan-Riley-Ruvalcaba syndrome without germline PTENmutations. JMed 
Genet 2000; 37:641-5. 

136. Grady WM, Willis J, Guilford PJ, Dunbier AK, Toro TT, Lynch HT, Wiesner G, Ferguson 
K, Eng C, Park J-G, Kim S-J, Markowitz S. E-cadherin gene promoter methylation as the 
second genetic hit in hereditary gastric cancer. Nature Genet 2000; 26:17-7. 

137. Mueller E, Smith M, Sarraf P, Kroll T, Aiyer A, Kaufman DS, Oh W, Demetri G, Figg WD, 
Zhou XP, Eng C, Spiegelman BM, Kantoff PW. Effects of ligand activation of PPARy in 
human prostate cancer. Proc Natl Acad Sei (USA) (in press) 

138. Parisi M, Dinulos MB, Leppig KA, Sybert VP, Eng C, Hudgins L. The spectrum and 
evolution of phenotypic findings in PTEN mutation-positive cases of Bannayan-Riley- 
Ruvalcaba syndrome. J Med Genet (in press) 

139. Kurose K, Zhou XP, Araki T, Eng C. Biallelic inactivating mutations and an occult germline 
mutation of PTEN in primary cervical carcinomas. Gene Chrom Cancer 2000; 29:166-72. 

140. Perren A, Komminoth P, Saremaslani P, Matter C, Feurer S, Lees JA, Heitz PU, Eng C. 
Mutation and expression analyses reveal differential subcellular compartmentalization of 
PTEN in endocrine pancreatic tumors compared to normal islet cells. Am J Pathol (in press) 

141. Zhou XP, Gimm O, Hampel H, Niemann T, Walker MJ, Eng C. Epigenetic PTEN silencing 
in malignant melanomas without PTEN mutation. Am J Pathol (in press) 

142. Gimm O, Chi H, Dahia PLM, Perren A, Hinze R, Komminoth P, Dralle H, Reynolds PR, 
Eng C. Somatic mutation and germline variants of MINPP1, a phosphatase gene located in 
proximity to PTEN on 10q23.3, in follicular thyroid carcinomas. J Clin Endocrinol Metab (in 
revision) 

143. Bender BU, Gutsche M, Gläsker S, Müller B, Kirste G, Eng C, Neumann HPH. 
Differential genetic alterations in sporadic and von Hippel-Lindau syndrome-associated 
pheochromocytomas. J Clin Endocrinol Metab (in press) 



32 

Reviews: 

1. Eng C, Blackstone MO. The Peutz-Jeghers syndrome. Med Rounds 1988; 1:165-71. 

2. Eng C, Skolnick AE, Come SE. Elevated creatine kinase and malignancy. Hosp Pract 1990; 
25:123-30. 

3. Eng C, Ponder B AJ. The role of gene mutations in the genesis of familial cancers. FASEB J 
1993; 7:910-9. 

4. Eng C, Stratton M, Ponder B, Murday V, Easton D, Sacks N, Watson M, Eeles R. Familial 
cancer syndromes. Lancet 1994; 343:709-13. 

5. Smith DP, Eng C, Ponder BAT. Germline mutations of the RETproto-oncogene in the 
multiple endocrine neoplasia type 2 syndromes and Hirschsprung disease. J Cell Science 
1994; suppl 18:43-9. 

6. Chew SL, Eng C. Multiple endocrine neoplasia type 2 and related genetic conditions. Curr 
Opin Endocrinol Diabet 1995; 2:121-6. 

7. Reynolds LF, Eng C. RET proto-oncogene mutations in multiple endocrine neoplasia type 2 
and Hirschsprung disease. Curr Opin Pediatr 1995; 7:702-9. 

8. Eng C. Seminars in Medicine of the Beth Israel Hospital, Boston: RET proto-oncogene 
mutations in multiple endocrine neoplasia type 2 and Hirschsprung disease. N Engl J Med 
1996;335:943-51. 

9. Eng C, Mulligan LM. Mutations of the RET proto-oncogene in the multiple endocrine 
neoplasia type 2 syndromes, related sporadic tumours and Hirschsprung disease. Hum Mutat 
1997; 9:97-109. 

10. Eng C. Predictive testing in hereditary medullary thyroid carcinoma. Acta Chir Austriaca 
1997; 29:5-8. 

11. Marsh DJ, Mulligan LM, Eng C. RET proto-oncogene mutations in MEN 2 and medullary 
thyroid carcinoma. Horm Res 1997; 47:168-78. 

12. Eng C, Vijg J. Genetic testing: the problems and the promise. Nature Biotechnol 1997; 
15:422-6. 

13. Eng C, Schneider KA, Fraumeni JF Jr, Li FP. Meeting report: third international workshop 
on collaborative multidisciplinary studies of p53 and other predisposing genes in Li-Fraumeni 
syndrome. Cancer Epidemiol Biomark Prevent 1997; 6:379-83. 

14. Edery P, Eng C, Munnich A, Lyonnet S. RET in human development and organogenesis. 
BioEssays 1997; 19:389-95. 

15. Neumann HPH, Bender BU, Januszewicz A, Janetschek G, Eng C. Pheochromocytome 
familial. ActNephrol 1997: 337-50. 

16. Eng C. Cowden syndrome. J Genet Counsel 1997; 6:181-91. 



33 

17. Eng C. From bench to bedside ... but when? Genome Res 1997; 7:669-72. 

18. Antonarakis SE, Ashburner M, Auerback AD, Beaudet AL, Beckmann JS, Beutler E, Cooper 
DN, Cotton RGH, den Dünnen JT, Desnick RJ, Eng C, Fasman KH, Goldman D, Hayashi 
K, Hutchinson F, Kazazian HH, Keen J, King MC, Lehvaslaiho H, McAlpine, PJ, 
McKusick V, Motulski AG, Povey S, Schorderet DF, Scriver CR, Shows TB, Superti-Furga 
A, Tay AHN, Tsui L-C, Valle D, Vihinen M. Recommendations for a nomenclature system 
for human gene mutations. Hum Mutat 1998; 11:1-3. 

19. Eng C. Genetics of Cowden syndrome: through the looking glass of oncology. Intl J Oncol 
1998; 12:701-10. 

20. Eng C. A novel tumor suppressor gene on chromosome 10 involved in endocrine neoplasia. 
Curr Opin Endocrinol Diabet 1998; 5:40-8. 

21. Eng C, Ji H. Invited Editorial. Molecular classification of the inherited hamartoma polyposis 
syndromes: clearing the muddy waters. Am J Hum Genet 1998; 62:1020-2. 

22. Eng C. RET proto-oncogene in the development of human cancer. J Clin Oncol 1999; 
17:380-93. 

23. Iliopoulos O, Eng C. Genetic and clinical aspects of familial renal neoplasms. Sem Oncol 
2000;27:138-49. 

24. Eng C, Herman JG, Baylin SB. News and Views: A bird's eye view of global methylation. 
Nature Genet 2000; 24:101-2. 

25. Eng C. Invited Editorial. Familial papillary thyroid cancer ~ many syndromes, too many 
genes? J Clin Endocrinol Metab 2000; 85:1755-7. 

26. Szabo C, Masiello A, Ryan JF, BIC Consortium, Brody LC. The Breast Cancer 
Information Core: Database design and structure. Hum Mutat 2000; 16:128-31. 

27. Eng C. Multiple endocrine neoplasia type 2 and the practice of molecular medicine. Rev 
Endocrinol Metab Disorders 2000: 1:283-90. 

28. Eng C. Commentary. Will the real Cowden syndrome please stand up: new diagnostic 
criteria. J Med Genet (in press) 

29. Eng C, Hampel H, de la Chapelle A. Genetic testing in cancer predisposition. Annu Rev Med 
(in press) 

Books and Other Monographs: 

1. Eng C. The molecular genetics of the human type II procollagen gene and its application to 
the study of the chondrodystrophies. PhD dissertation. University of Chicago, 1986. 

2. Ponder B AJ, Eng C, Smith DP. Mutations of the RET proto-oncogene in the multiple 
endocrine neoplasia type 2 syndromes and Hirschsprung disease. Accomplishments in Cancer 
Research 1994. GM Cancer Research Foundation, New York, 1994:118-32. 



34 

3. Neumann HPH, Eng C, Bender BU. Multiple endocrine neoplasia type 2. In: Sznjderman 
M, Januszewicz W, Januszwicz A, ed, Hormonal Hypertension. Wydawnictwo Naukowe, 
Warsaw, 1997: 292-308. 

4. Mäher ER, Eng C. Genetics of phaeochromocytoma. In: Thakker RV, ed, Molecular 
Genetics of Endocrine Disorders. Chapman and Hall, London, 1997: 279-89. 

5. Eng C, Ponder B AJ. Multiple endocrine neoplasia type 2 and medullary carcinoma of the 
thyroid. In: Grossman A, ed, Clinical Endocrinology. 2nd ed, Blackwell Science, Oxford, 
1998:635-53. 

6. Eng C, Parsons R. Cowden syndrome. In: Vogelstein B, Kinzler KW, ed, The Genetic 
Basis of Human Cancer. McGraw Hill and Co., New York, 1998: 519-25. 

7. de la Chapelle A, Eng C. Molecular genetic diagnosis in hereditary cancer. In: Perry MC, ed, 
ASCO Educational Book, Lippincott, Williams and Wilkins, Baltimore, MD, 1999:445-453. 

8. Eng C, Mäher ER. Dominant genes and phacomatoses associated with multiple primary 
cancers. In: Neugut AI, Robinson E, Meadows AT, eds, Multiple Primary Cancers. 
Lippincott, Williams and Wilkins, Philadelphia, 1999: 165-196. 

9       Mulligan LM, Eng C. Dissecting the genetics of the RET proto-oncogene: paradigm for the 
practice of molecular medicine. In: Ehrlich M, ed, DNA Alterations in Cancer: Genetic and 
Epigenetic Changes. BioTechniques Books, Natick, MA, 2000: 149-63. 

10. Eng C, Parsons P. Cowden syndrome. In: Scriver CR, Beaudet AL, Sly WS, Valle D, 
Childs B, Vogelstein B, eds, The Metabolic and Molecular Bases of Inherited Disease. 8th ed, 
McGraw Hill and Co., New York (in press) 

11. Gimm O, Eng C. Medullary thyroid carcinoma. In: Souhami RL, Tannock I, Hohenberger 
P, Horiot J-C, eds, Oxford Textbook of Oncology. 2nd ed, Oxford University Press, Oxford 
(in press) 

12. Eng C. Cowden syndrome. In: Thakker RV, Wiersinga W, eds, Oxford Textbook of 
Endocrinology. Oxford University Press, Oxford (in press) 

13. Eng C, Burt R, Talbot IC. Cowden syndrome. In: Hamilton S, Aaltonen L, eds, Pathology 
and molecular genetics of digestive tract tumours (WHO Classification of Tumours), IARC 
Press, Lyon (in press) 

14. Eng C. Multiple endocrine neoplasia type 2. In: Cowell JK, ed, Molecular Genetics of 
Cancer. 2nd ed, BIOS Scientific Publishers Ltd, Oxford (submitted) 

15. Dahia PLM, Eng C, eds, Genetic Disorders of Endocrine Neoplasia. Karger, Basel (in 
preparation) 

16. Eeles RA, Easton DF, Eng C, Ponder BAJ, eds, Genetic Predisposition to Cancer. 2nd ed, 
Edward Arnold, Ltd, London (in preparation) 

17. Eng C. Cowden syndrome. In: Eeles RA, Easton DF, Eng C, Ponder BAJ, eds, Genetic 
Predisposition to Cancer. 2nd ed, Edward Arnold, Ltd, London (submitted) 



35 

Abstracts: 

1. Eng CEL, Strom CM. Analysis of Hindin polymorphisms in the human type II collagen 
gene in achondroplasia. Pediatr Res 1985; 19:247A. 

2. Strom CM, Eng CEL, Christides T, Belles C, Pauli R. Detection of gene deletions in the 
human type II collagen gene in 8 patients with achondroplasia using gene dosage analysis. 
Pediatr Res 1985; 19:254A. 

3. Eng CEL, Strom CM. Difference in type II procollagen genotype distribution between 
patients with sporadic achondroplasia and their normal parents. Am J Hum Genet 1985; 
37:A152. 

4. Strom CM, Eng CEL. Deletion of the promotor and the majority of the type II procollagen 
gene in 2 patients with achondroplasia. Am J Hum Genet 1985; 37:A177. 

5. Vitek CR, Strom CM, Fee M, Eng CEL, Rich SS, Orr HT, Gorlin RJ, Whitley CB. 
Analysis of type II procollagen gene in skeletal dysplasias and identification of a new, rare 
RFLP. Am J Hum Genet 1985; 37:A180. 

6. Eng C. Organization of the mitochondrial genome in the fungal genus Ustilago. Medicine on 
the Midway 1988:42:14. 

7. Eng C, Abramson DH, Ellsworth RM, Boice JD, Jr, Seddon J, Goldman M, Li FP. Causes 
of late mortality in retinoblastoma patients. Proc Am Assoc Cancer Res 1991; 32:221 (Abs 
1317). 

8. Ponder BAJ, Mulligan LM, Kwok JB, Eng C, Tunnacliffe AG, Ponder MA, Gardner E, 
Moore JK, Healey K, Elsdon MJ. The molecular genetics of multiple endocrine neoplasia type 
2 (MEN 2). Interactions of Cancer Susceptibility Genes and Environmental Carcinogens 
(AACR/IARC). Lyon, France, 1993. 

9. Neumann HPH, Mulligan LM, Kwok JB J, Eng C, Ponder BAJ. Germ-line mutations of the 
jRjETproto-oncogene in multiple endocrine neoplasia type 2A. Deutsche Gesellschaft 
Endokrinol. March, 1994. 

10. Ponder B, Mulligan L, Kwok J, Eng C, Tunnacliffe A, Ponder M, Gardner E, Moore J, 
Healey K, Elsdon M. The molecular genetics of multiple endocrine neoplasia-2 (MEN 2). J 
Cell Biochem 1994; S18D:98. 

11. Eng C, Mulligan LM, Smith DP, Kwok JBJ, Nagai MA, Healey CS, Ponder MA, Gardner 
E, Moore JK, Elsdon MJ, Tunnacliffe A, Ponder BAJ. The molecular genetics of multiple 
endocrine neoplasia type 2. March of Dimes 25th Clinical Genetics Conference. Orlando, FL, 
March, 1994. 

12. Ponder B, Mulligan L, Eng C, Edery P, Lyonnet S, Smith D, Tunnacliffe A, Kwok J. The 
multiple endocrine neoplasia type 2 syndromes and Hirschsprung disease are due to different 
mutations in the receptor tyrosine kinase RET. Fourth European Workshop on Cytogenetics 
and Molecular Genetics of Human Solid Tumors. Netherlands, April, 1994. 



36 

13. Lyonnet S, Attie T, Pelet A, Eng C, Edery P, Nihoul-Fekete C, Ponder BAJ, Munnich A. 
Spectrum of mutations of the ret proto-oncogene in Hirschsprung's disease. Am J Hum 
Genet 1994; 55 (suppl):A6 (Abstract 19). 

14. Attie T, Eng C, Mulligan LM, Edery P, Verellen C, Ponder BAJ, Munnich A, Lyonnet S. 
Mutations in exon 10 of the ret proto-oncogene in Hirschsprung's disease. Am J Hum Genet 
1994; 55 (suppl):A210 (Abstract 1223). 

15. Eng C, Mulligan LM, Lyonnet S, Edery P, Smith DP, Kwok JBJ, Gardner E, Healey CS, 
Ponder MA, Munnich A, Ponder BAJ. Mutations of the RET proto-oncogene in the multiple 
endocrine neoplasia type 2 syndromes and Hirschsprung disease. J Med Genet 1995; 32:135. 

16. Binchy A, Evans G, Eng C, Ponder B, Crauford D. Factors influencing decisions on 
whether to proceed with predictive testing for breast/ovarian cancers. J Med Genet 1995; 
32:140. 

17. Eng C, Toogood AA, Ponder BAJ, Shalet SM. A family with multiple endocrine neoplasia 
type 2B which does not have a mutation at codon 918 of* exon 16 of the RET proto-oncogene. 
JEndocrinol 1995; 144S:P44. 

18. Dahia PLM, Aguiar RCT, Eng C, Crossey PA, Mäher ER, Grossman A, Ponder BAJ, 
Toledo SPA. Molecular analysis of p53, VHL, RET genes in pheochromocytoma. The 
Endocrine Society 1995; 614 (P3-584). 

19. Ivanchuk S, Eng C, Myers S, Mulligan LM. Expression of alternatively spliced RET 
transcripts in the developing human kidney and Wilms' tumor. Genetics Society of Canada. 
Guelph, ON, June 1995. 

20. Myers SM, Eng C, Ponder BAJ, Mulligan LM. Characterization of RET proto-oncogene 3' 
splicing variants and polyadenylation sites: a novel C-terminal for RET. Am J Hum Genet 
1995; 37S:A73 (Abstract 389). 

21. Ivanchuk S, Eng C, Myers S, Mulligan LM. Expression of alternatively spliced RET 
transcripts in the developing human kidney and Wilms' tumor. Am J Hum Genet 1995; 
37S:A302 (Abstract 1751). 

22. Lin A, Longy M, Goldstein A, Mulvihill J, Ponder B, Tucker M, Eng C. Localization of 
Cowden's disease gene to chromosome 10q22-23. Proc Am Soc Clin Oncol 1996; 15:1746 
(Abstract 2003). 

23. Mulligan L, Eng C, International RET Mutation Consortium. RET mutations in multiple 
endocrine neoplasia type 2. International Congress of Endocrinology 1996 

24. Eng C, Mulligan LM, International RET Mutation Consortium. RET proto-oncogene 
mutations in multiple endocrine neoplasia type 2 and medullary thyroid carcinoma. 39e 
Journees Internationales Klotz d'Endocrinologie Cliniques. 1996 

25. Woodward ER, Eng C, Affara NA, Ponder BAJ, Mäher ER. Molecular genetic 
investigations of familial phaeochromocytoma. J Med Genet 1996; 33 (suppl 1): SP14. 

26. Eng C, Mulligan LM. The International RET Mutation Consortium database: RET proto- 
oncogene mutations in multiple endocrine neoplasia type 2 and related sporadic tumours. 3rd 
HUGO Mutat Database Mtg. Oct. 29, 1996. 



37 

27. Eng C, Nelen MR, Marsh DJ, Lin AY, Coulon V, Goldstein AM, Mulvihill JJ, Tucker MA, 
Zedenius J, Ponder BAJ, Kremer H, Longy M, Padberg GW, International Cowden 
Consortium. Mapping of the susceptibility gene for Cowden disease to 10q22-23 and genetic 
analysis in related tumours. Am J Hum Genet 1996; 59S:A6 (Abstract 18). 

28. Salomon R, Attie T, Pelet A, Bidaud C, Eng C, Munnich A, Lyonnet S. Germline mutations 
of the Ret ligand, GDNF, are not sufficient to cause Hirschsprung disease. Am J Hum Genet 
1996; 59S:A283 (Abstract 1640). 

29. Eeles RA, Lloyd S, Murday V, Ebbs SR, Davidson J, Eng C, Ponder B, Sacks N, Watson 
M. An evaluation of genetic counselling on risk perception, mental health and cancer-related 
worry in women at risk of breast cancer: a prospective study in 283 women. Am J Hum Genet 
1996; 59S:A334 (Abstract 1949). 

30. Mulligan LM, Ivanchuk SM, Campling BG, Sundaresan V, Rabbitts PH, Eng C. Analysis 
of RET and RET ligand (GDNF) in small cell lung carcinoma. Am J Hum Genet 1996; 
59S:A345 (Abstract 2010). 

31. Nelen MR, von Deimling A, Boerman D, Mariman E, Eng C, International Cowden 
Consortium, Kremer H, Padberg GW. LOH studies in human brain tumors with markers 
derived from the Cowden critical region. Am J Hum Genet 1996; 59S: A345 (Abstract 2011). 

32. Kilgallen C, Smith W, Shapiro S, Cano-Diaz S, Vijg J, Eng C, Wolfe HJ. Long chain PCR 
on archival material for rapid detection of point mutations and molecular screening for 
prognostic factors in neoplastic progression. Lab Invest 1997; 76:1072 

33. Kilgallen C, Diaz-Cano S, Eng C, Wolfe HJ. Glial cell line-derived neurotrophic factor 
(GDNF) expression in normal and neoplastic tissues: an immunohistochemical study. Lab 
Invest 1997; 76 

34. Syngal S, Fox E, Eng C, Garber JE, Kolodner RD. Presence of more than one hMSH2 and 
hMLHl mutation in four hereditary nonpolyposis colon cancer (HNPCC) kindreds. 
Gastroenterol 1997; 112:A664. 

35. Schuffenecker I, Virally-Monod, Brohet R, Goldgar D, Conte-Devolx B, Leclerc L, Chabre 
O, Caron J, Houdent C, Modigliani E, Rohmer V, Schlumberger M, Eng C, Guillausseau 
PJ, Lenoir G, GETC. Risk and penetrance of primary hyperparathyroidisim in MEN 2A 
families with 634 mutations of the #£Tproto-oncogene. Sixth Intl MEN VHL Wkrshp 1997: 
78 (Abstract 209). 

36. Eng C, Mulligan L, International RET Mutation Consortium. Genotype-phenotype 
correlation in MEN 2. Sixth Intl MEN VHL Wrkshp 1997: 98 (Abstract 229). 

37. Marsh DJ, Zheng Z, Arnold A, Andrew SD, Learoyd D, Frilling A, Komminoth P, Neumann 
HPH, Ponder BAJ, Rollins BJ, Shapiro GI, Robinson BG, Mulligan LM, Eng C. Mutation 
analysis of glial cell line-derived neurotrophic factor (GDNF), a ligand for the RET/co- 
receptor complex, in MEN 2 and sporadic neuroendocrine tumours. Sixth Intl MEN VHL 
Wrkshp 1997: 120 (Abstract 251). 

3 8.     Woodward ER, Dahia PLM, McMahon R, Voutilainen R, Affara NA, Ponder BAJ, Maher 
ER, Eng C. Genetic predisposition to phaeochromocytoma: analysis of candidate genes 
GDNF, RET and VHL. Sixth Intl MEN VHL Wrkshp 1997: 138 (Abstract 269). 



38 

39. Mulligan LM, Timmer T, Ivanchuk SM, Eng C, Hofstra RMW. RET and its ligand 
components, GDNF and GDNFR-a, in small cell lung carcinoma. Sixth Intl MEN VHL 
Wrkshp 1997: 164 (Abstract 323). 

40. Marsh DJ, Zheng Z, Zedenius J, Larsson C, Komminoth P, Longy M, Eng C. Loss of 
heterozygosity (LOH) in the region of the Cowden disease locus on 10q22-23 in sporadic 
thyroid tumours. Sixth Intl MEN VHL Wrkshp 1997: 165 (Abstract 324). 

41. Tsou HC, Ping X, Xie X, Yao Y, Schräger C, Gruener A, Christiano AM, Liaw D, Parsons 
R, Eng C, Peacocke M. The molecular basis of Cowden's syndrome. J Invest Dermatol 
1997; 109:HB5. 

42. Eng C, Marsh D, Liaw D, Dahia P, Li J, Zheng Z, Tsou H, Peacocke M, Gorlin R, Parsons 
R. Germline mutations of the PTEN gene in Cowden disease and Bannayan-Zonana 
syndrome. Am J Hum Genet 1997;61S:A15 (Abstract 69). 

43. Coulon V, Feilotter HE, Boag AH, Dorion-Bonnet F, Duboue B, Latham WCW, Eng C, 
Longy M, Mulligan LM. Loss of heterozygosity of chromosomal region 10q23 in human 
sporadic breast carcinoma. Am J Hum Genet 1997; 61S:A63 (Abstract 335). 

44. Dahia PLM, Marsh DJ, Zheng Z, Zedenius J, Komminoth P, Parsons R, Longy M, Larsson 
C, Eng C. Mutation and deletion analysis of the Cowden disease gene, PTEN, in sporadic 
nonmedullary thyroid tumors. Am J Hum Genet 1997; 61S:A63 (Abstract 338). 

45. Feilotter HE, Nagai MA, Boag AH, Eng C, Mulligan LM. Analysis of the PTEN coding 
region in primary prostate carcinomas. Am J Hum Genet 1997; 61S:A65 (Abstract 348). 

46. Tsou HC, Teng D, Ping XL, Broncolini V, Davis T, Hu R, Xie XX, Gruener AC, Schräger 
CA, Christiano AC, Eng C, Steck P, Ott J, Tavtigian S, Peacocke M. Role of MMAC1 
mutations in early onset breast cancer: causative in association with Cowden syndrome and 
excluded in ÄKCA7-negative cases. Am J Hum Genet 1997; 61S: A85 (Abstract 468). 

47. Myers SM, Eng C, Hession C, Cate R, Kogon MD, Mulligan LM. The physical structures 
of GDNFR-a and NDNR-oc. Am J Hum Genet 1997; 61S:A381 (Abstract 2231). 

48. Weber HC, Marsh D, Lubensky I, Lin A, Eng C. Germline PTEN/MMAC1/TEP1 
mutations and association with gastrointestinal manifestations in Cowden disease. 
Gastroenterol 1998; 114S: G2902. 

49. Eng C. Cowden syndrome and Bannayan-Ruvalcaba-Riley syndrome: PTEN mutation 
analysis as a molecular diagnostic tool? Horm Metab Res 1998; 30:288-9. 

50. Eng C. Cowden syndrome: update on genetic mechanisms and clinical features. J Cancer Res 
Clin Oncol 1998; 124: S16 (TL14). 

51. Eng C, Mulligan LM, International RET Mutation Consortium. Genotype-phenotype 
correlations in MEN 2 and genotype-prognosis studies in sporadic medullary thyroid 
carcinoma. J Invest Endocrinol (in press) 

52. Eng C, Smith WM, van Orsouw NJ, Dhanda RK, Rines RD, Sigalas I, Fox EA, Kolodner 
RD, Vijg J. DGGE-based two-dimensional gene scanning as a rapid, accurate, cost-effective 



39 

technology for snapshot detection of mutations. Am J Hum Genet 1998; 63S:A20 (Abstract 
145) 

53. Gimm 0, Neuberg DS, Marsh DJ, Dahia PLM, Hoang-Vu C, Raue F, Hinze R, Dralle H, 
Eng C. Over-representation of a germline RET sequence variant in patients with sporadic 
medullary thyroid carcinoma and somatic RET codon 918 mutation. Am J Hum Genet 1998; 
63S:A20 (Abstract 102) 

54. Dabora S, Sigalas I, Peters S, Eng C, Vijg J, Kwiatkowski D. Comprehensive mutational 
analysis of TSC1 by two-dimensional DGGE. Am J Hum Genet 1998; 63S:A229 (Abstract 
1313) 

55. Gössling A, Gimm O, Marsh DJ, Dahia PLM, Myers SM, Mulligan LM, von Deimling A, 
Eng C. Somatic deletion of the gene encoding GFRa-1, a co-receptor of RET, in sporadic 
brain tumours. Am J Hum Genet 1998; 63S:A71 (Abstract 377) 

56. Cummings S, Marsh DJ, Sveen LW, Eng C, Olopade 01. Cowden syndrome (CS) in 
African American (AA) kindreds: identification of germline PTEN mutation in a male breast 
cancer patient. Am J Hum Genet 1998; 63S:A66 (Abstract 349) 

57. Danziger K, Syngal S, Fox E, Eng C, Kolodner R, Garber J. hMLHl and hMSH2 
mutations in patients with early-onset colorectal cancer (CRC). Am J Hum Genet 1998; 
63S:A66 (Abstract 350) 

58. Mäher ER, Clifford SC, Walsh S, Hewson K, Brinke A, Green PM, Gianelli F, Eng C. 
Characterisation and mutation analysis of candidate renal cell carcinoma genes (Cul2 and 
VBP-1). Am J Hum Genet 1998; 63S:A77 (Abstract 414) 

59. Dasouki MJ, Roe CR, Butler MG, Eng C. Fatty myopathy in Bannayan-Zonana syndrome is 
not due to LCHAD (long chain 3-hydroxy acyl co-A dehydrogenase) deficiency. Am J Hum 
Genet 1998; 63S:A265 (Abstract 1526) 

60. Marsh DJ, Kum JB, Lunetta KL, Bennet MJ, Hunter A, Gorlin RJ, Dahia PLM, Eng C. 
Germline mutation analysis and genotype-phenotype correlations in Bannayan-Riley- 
Ruvalcaba syndrome. Proc Am Assoc Cancer Res 1999; 40:272 (Abstract 1804) 

61. Dahia PLM, Aguiar RCT, Alberta J, Kum JB, Caron S, Heinz S, Marsh DJ, Ritz J, 
Freedman A, Stiles C, Eng C. PTEN is inversely correlated with the cell survival factor 
Akt/PKB and is inactivated via multiple mechanisms in haematologic malignancies. Proc Am 
Assoc Cancer Res 1999; 40:281-2 (Abstract 1869) 

62. Eng C. The role of PTEN in Cowden syndrome and multiple sporadic cancers. Proc Seventh 
IntlMENWkshop 1999; 147-52 (Platform) 

63. Gimm O, Greco A, Hoang-Vu C, Dralle H, Pierotti MA, Eng C. Mutation analysis reveals 
novel sequence variants in NTRK1 in sporadic human medullary thyroid carcinoma. Proc 
Seventh Intl MEN Wkshop 1999; 265 (Poster Th 22) 

64. Gimm O, Neuberg DS, Marsh DJ, Dahia PLM, Hoang-Vu C, Raue F, Hinze R, Dralle H, 
Eng C. Over-representation of the germline RET sequence variant S836S in patients with 
sporadic medullary thyroid carcinoma and somatic RET codon 918 mutation. Proc Seventh 
IntlMENWkshop 1999; 266 (Poster Th 23) 



40 

65. Tisell L-E, Nilsson O, Jansson S, Nilsson B, Ahlman H, Gimm O, Eng C. Adrenal and 
extra-adrenal pheochromocytomas in a family with germline RET V804L mutations, 
previously associated only with familial medullary thyroid carcinoma. Proc Seventh Intl MEN 
Wkshop 1999; 282 (Poster Th 37) 

66. Gimm O, Gössling A, Marsh DJ, Dahia PLM, Mulligan LM, von Deimlin A, Eng C. 
Mutation and deletion analysis of GFRa-1, encoding the coreceptor for the GDNF/RET 
complex, in human brain tumours. Proc Seventh Intl MEN Wkshop 1999; 284 (Poster Th 38) 

67. Eng C, Sarraf P, Mueller E, Smith WM, Wright HM, Kum JB, Aaltonen LA, de la Chapelle 
A, Spiegelman BM. Loss of function mutations in PPARgamma in sporadic primary 
colorectal cancer. Am J Hum Genet 1999; 64SA61 (Abstract 319) 

68. Duerr EM, Gimm O, Kum JB, Clifford SC, Toledo SPA, Mäher ER, Dahia PLM, Eng C. 
Two polymorphisms in the VHL-associated gene CUL2 are over-represented in 
pheochromocytoma patients without somatic CUL2 mutations. Am J Hum Genet 1999; 
64S:A124 (Abstract 660) 

69. Gimm O, Borrego S, Saez ME, Ruiz A, Löpez-Alonzo M, Eng C, Antinolo G. Specific 
sequence polymorphisms in the i?£Tproto-oncogene are over-represented in individuals with 
Hirschsprung disease and may represent loci modifying phenotypic expression. Am J Hum 
Genet 1999; 64S:A105 (Abstract 554) 

70. Yeh JJ, Lunetta KL, Dahia PLM, Eng C. Mitochrondrial DNA (mtDNA) mutations in 
papillary thyroid carcinoma and differential mtDNA sequence variants in cases with malignant 
versus benign thyroid tumors. Am J Hum Genet 1999; 64S:A11 (Abstract 51) 

71. Hampel H, Poling BA, Curtis M, Mascari M, Fromkes JJ, Eng C. Familial Barrett 
esophagus: a true hereditary cancer syndrome. Am J Hum Genet 1999; 64S:A40 (Abstract 
208) 

72. Gimm O, Perren A Weng LP, Marsh DJ, Yeh JJ, Ziebold U, Hinze R, Delbridge L, Lees JA, 
Mutter GL, Robinson BG, Komminoth P, Dralle H, Eng C. PTEN shows differential 
nuclear and cytoplasmic expression in normal thyroid tissue, and benign and malignant 
epithelial thyroid tumors. Proc Am Assoc Cancer Res 2000; 41:201 (Abstract 1282) 

73. Weng LP, Smith WM, Dahia PLM, Ziebold U, Lees JA, Eng C. Ectopic expression of 
PTEN negatively regulates both cell cycle progression and cell survival in breast cancer cells. 
Proc Am Assoc Cancer Res 2000; 41:201 (Abstract 1285) 

74. Manns A, Morgan OS, Brown J, Kum J, Williams E, Cranston B, Goldstein A, Eng C. 
Identification of FAS gene mutations in adult T cell leukemia/lympnoma (ATL) and HTLV-I 
associated myelopathy (HAM/TSP). Proc ASCO 2000; 19:615a (Abstract 2420) 

75. Eng C, Gimm O, Perren A, Zhou XP, Mutter GL. Different mechanisms of PTEN 
inactivation in sporadic cancers are tissue-specific. Am J Hum Genet 2000 (Abstract 43, in 
press) 

76. Borrego S, Ruiz A, Saez ME, Gimm O, Lopez-Alonso M, Hernandez A, Wright FA, 
Antinolo G, Eng C. Unique RET genotypes comprising specific haplotypes of polymorphic 
variants predispose to isolated Hirschsprung disease. Am J Hum Genet 2000 (Abstract, in 
press) 



41 

77. Gimm O, Dziema H, Brown J, Hoang-Vu C, Hinze R, Mulligan LM, Dralle H, Eng C. 
Over-representation of a germline variant in the gene encoding RET co-receptor GFRa-1 but 
not GFRoc-2 or GFRoc-3 in cases with sporadic medullary thyroid carcinoma. Am J Hum 
Genet 2000 (Abstract 438, in press) 

78. Armanios M, Gimm O, Dziema H, Neumann HPH, Eng C. Somatic and occult germline 
mutations in SDHD, a mitochondrial complex II gene, in apparently sporadic 
pheochromocytomas. Am J Hum Genet 2000 (Abstract 439, in press) 

79. Wilkerson S, Talib N, Jacobson" J, Dasouki MJ, Eng C. Late onset central hypoventilation 
with hypothalamic dysfunction: a possible neural crest disorder. Am J Hum Genet 2000 
(Abstract 565, in press) 

80.     Zhou XP, Hampel H, Hennekam R, Mulliken J, Winter R, Eng C. PTEN mutations in 
Proteus and Proteus-like syndromes. Am J Hum Genet 2000 (Abtract 1926, in press) 

Newsletters and Misc.: 

1. Eng C, Li FP. Retinoblastoma in families. New England Retinoblastoma Support Group. 
Spring 1991. 

2. Writer for Trends in Genetics Monitor, 1994 

3. Section Editor, Multiple Endocrine Neoplasia Type 2. ASCO ONCOSEP. Cancer Genetics. 
2000 


